The identification of the fouling mechanism during the crossflow filtration of a model fermentation broth. by Lake, Richard Charles.
6153979
UN 'IV i : 'R SnY Or SURREY LIBRARY
ProQuest Number: 10130349
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uesL
ProQuest 10130349
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
THE IDENTIFICATION OF THE FOULING MECHANISM DURING THE CROSSFLOW FILTRATION OF A MODEL FERMENTATION BROTH
Submitted by 
RICHARD CHARLES LAKE 
for the degree of 
DOCTOR OF PHILOSOPHY
"You know how to write one of these ?"
"You asking me," Catlett said, "do I know how to write down words on a piece of paper?
That’s what you do, man, you put down one 
word after another as it comes into your head.
It isn’t like having to leam to play the piano, like you have to leam notes.You already learned in school how to write, didn’t you? I hope so You have the idea and you put down what you want to say "
Chili said, "That’s all there is to it ?" 
"That’s all."
from the book 'Get Shorty' by Elmore Leonard pub, Penguin Books, 1990.
ABSTRACT
Experiments have been conducted to identify the fouling mechanism during the 
crossflow filtration of a model yeast fermentation broth of Vinyl Acetate particles 
suspended in a Bovine Serum Albumin (BSA) solution. These have been conducted 
with filter modules, to obtain quantitative data for the rate and the extent of flux 
decline due to membrane fouling, and with filter coupons, to obtain quantitative data 
for the build up of the fouling layer with each individual system and the mixed 
system. The data from the individual systems have been analysed and then used to 
determine their fouling mechanisms; this information has been used to predict the 
fouling mechanism for the mixed system. Finally, this prediction has been compared 
to the actual fouling mechanism determined by analysis of the mixed system data.
For the model particulate suspension, the fouling was due to the build up of a cake 
layer, as with dead end filtration; however, fouling was limited by membrane scouring. 
For the model macromolecular solution, a four part fouling mechanism was identified: 
initially aggregates formed within the pores; the concentration at the membrane surface 
increased until protein came out of solution as strands; the strands disappeared causing 
increased aggregation in the pores; finally, a mesh formed on the membrane surface. 
For the mixed system, fouhng was due to the formation of a particle cake on the 
membrane surface with protein aggregates forming in the pores. The fouling kinetics 
could be predicted by considering the results from the individual systems; however, 
the fouling mechanism could not be predicted without using visualisation experiments 
due to the interactions between the particles and the macromolecules.
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CHAPTER 1 
INTRODUCTION
Ultrafiltration and microfiltration are pressure-driven membrane processes capable of 
separating solution and suspension components on the basis of size and shape. Under 
the applied pressure difference, the solvent and species smaller than the pore size of 
the membrane pass into the filtrate, whereas larger solutes and particles are retained 
by the membrane and recovered as a concentrated retentate\ By passing the feed 
tangentially to the membrane, crossflow filtration reduces membrane fouling^. 
However, this is still a significant factor when considering the overall performance of 
this type of filtration process. The work presented in this dissertation focuses on the 
identification and quantification of membrane fouling. To achieve this, the crossflow 
filtration of a model particulate suspension in a model macromolecular solution. Vinyl 
Acetate particles in a Bovine Serum Albumin (BSA) solution, has been investigated.
Since the development of membranes with high hydraulic permeabilities in the late 
1960’s^ , there has been significant industrial interest in membrane filtration as a 
separation technique'^. However, at the same time, it was identified that the 
accumulation of solute on a membrane surface must be avoided and the membrane 
should not act as a repository for the solute^; this led to the use of membranes in a 
crossflow configuration. Crossflow filtration applies to the separation of solutes and 
suspensions as wide ranging as proteins, micro-organisms and latex particles where 
osmotic pressure plays no important role in the separation^; in cases where the osmotic
1
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pressure is significant, the term reverse osmosis is used .^ Crossflow filtration itself is 
broadly divided into two categories: microfiltration concerns the separation of particles 
from a suspension, while ultrafiltration concerns the concentration of selected 
macromolecules. Crossflow filtration has many advantages over conventional dead end 
filtration for the separation of chemically and thermally unstable products^’^ ; the 
separation is physical and it does not require the addition of filter aids or a phase 
change to effect the separation. As a result, this technology is applicable across a wide 
range of the process engineering industry and specifically with application to primary 
separation in the bioprocess industry.
A particular application of crossflow filtration is in the sterilisation of yeast 
fermentation broths, or beer. At the end of a typical fermentation, a broth consists of 
yeast particles suspended in a macromolecular solution; each of these foul the 
membrane differently. However, it has been concluded by other workers that "most 
of the qualitative experimental and theoretical investigations have focused on each 
phenomena separately"^, and "[that] there is a critical need for future work directed 
at examining the possible coupling o f interactions that can occur between these 
different phenomenon"^. Therefore, in this type of process, it is not only necessary to 
consider the individual effects of the yeast particles and the macromolecules in the 
broth, but also to identify any potential interactions that may occur between them.
In 1986, it was stated that the adoption of crossflow filtration as a technology for the 
sterilisation of rough beer and tank bottoms appeared "inevitable"^; indeed, a costing
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in 1987 highlighted the economic benefits of employing crossflow filtration in beer 
sterilisation^. However, a report from Drinktec Interbran ’93 concluded that crossflow 
filtration did not compare sufficiently well with existing separation technologies with 
respect to efficiency and performance^. A review of the contemporary literature 
(Chapter 2) suggests that this is because of a lack of detailed understanding of the 
mechanism by which fouling occurs; specifically with respect to the inter-relationship 
between the nature of particulate fouling and macromolecular fouling.
The work that has been carried out into the crossflow filtration of beer has considered 
the effect of beer ageing^®, membrane type^° and pore size^\ Fouling in this system has 
been attributed to one or more of the following phenomena: adsorption^^**  ^of protein, 
gel layer f o r m a t io n 'p o r e  plugging'^ 'or pore size reduction due to fouling on the 
pore walls'^. Work has also been carried out to investigate methods for disrupting the 
fouling layer by using high frequency backwashing with baffles'^. Furthermore, studies 
have been conducted to consider the economic implications of employing crossflow 
filtration in the brewing industry, either as a replacement to kieselguhr filtration and 
pasteurisation" or in the processing of tank bottoms*’". Although these economic 
studies have highlighted the potential benefits of employing crossflow filtration, they 
have been determined based on fluxes obtained on a laboratory scale. Unfortunately, 
such fluxes have generally proven to be unobtainable at a large scale.
In general, a large amount of work has been carried out on the crossflow filtration of 
macromolecular solutions and of particulate suspensions separately (Chapter 2). For
Introduction
macromolecular systems, three possible fouling mechanisms have been proposed: 
concentration polarisation leading to gel layer formation; adsorption; and, pore 
blockage due to the accumulation of macromolecules (either as a layer on the pore 
wall or by forming discrete aggregates in the pores)^’'''. In particulate systems, it has 
been proposed that fouling is due to pore blockage, or to cake formation'^.
Concentration polarisation (Appendix A) is the accumulation of solute at the 
membrane surface to a point where the concentration of the solute reaches its 
solubility limit, ultimately leading to the material coming out of solution as a gel 
layer. Both the concentration polarisation layer and the gel layer can act as a dynamic 
secondary membrane above the original membrane'' offering a major resistance to 
flow''. An equilibrium can arise in which the rate of back diffusion from this fouling 
layer is equal to the rate of transfer of material to this layer; in this case, the flux can 
be related to the rate of back diffusion of the solute*' .^ Adsorption of macromolecules 
to the membrane surface will only result in a monolayer of fouling'^’". However, 
adsorption may create initiation sites for subsequent protein aggregation within the 
pores, or for further deposition of protein onto the pore walls, thus decreasing the 
effective diameter of the pores. Pore blockage by particles can cause fouling either by 
sealing membrane pores, or by depositing onto other particles which have already 
sealed a pore. Cake formation is due to retained particles on the membrane surface 
building into a multilayered resistance to filtration; this fouling is not pore related, and 
can be accounted for by Darcy’s Law, although the tangential flow may arrest the cake 
growth^.
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At this point, it is important to note that, although the fouling of the membrane 
reduces process performance with respect to flux, it is in many circumstances essential 
in enhancing separation efficiency. For example, to separate different sized proteins'*, 
conditions are needed which favour fouling that prevents transmission of unwanted 
protein. However, it is only possible to rationalise the complex interplay between these 
two key process features by understanding more fully the mechanisms of membrane 
fouling. It has been stated that "there is currently no qualitative understanding of the 
effects that the simultaneous deposition o f particles and proteins can have on the flux 
and selectivity during membrane microfiltration"^. Therefore, the aim of this 
dissertation is to determine the fouling mechanism for the simultaneous deposition of 
particulate and macromolecular material during crossflow filtration.
To achieve this aim, the following objectives were identified for this research work:
a) to obtain quantitative data with respect to flux decline with model particulate 
and macromolecular systems, and with a system comprising of both;
b) to visualise the extent and nature of membrane fouling in all three systems 
with respect to time;
c) to use the findings from the individual systems to predict the fouling 
mechanism for the mixed system, and to compare this prediction to the actual 
fouling mechanism observed.
CHAPTER 2 
A REVIEW OF THE LITERATURE
2.1. Introduction
The first reported use of membrane filtration was in 1856, when Schmidt found that 
filtering a protein solution through an animal membrane caused the filtrate to be less 
concentrated than the original solution'^. The US first patent for the manufacture of 
microporous filter membranes was issued to Zsigmondy^® in 1922, who developed a 
cellulose ester membrane. Since the late 1960’s, crossflow membrane filtration has 
been increasingly studied as a separation tool for the process industries^. As well as 
being widely used in the sterilisation and clarification of biological suspensions, 
crossflow filtration has also been used in the dairy industry '^"^ ,^ for wine filtration^’’^ * 
and food processing^*'*", blood filtration*' *^ , wastewater treatment** '", paint recovery 
from wastewater**’'"’''^ '''*, in the nuclear industry^^''"'''' and for the separation of oil- 
water emulsions''*'*'.
In this chapter, an objective review of the literature concerned with the application of 
crossflow filtration to the sterihzation and clarification of biological suspensions will 
be presented. This review will consist of a brief historical background on the use of 
membrane filtration in the process industries; the current state of the art in the 
identification of the fouling mechanism in macromolecular, particulate and combined 
systems; a review of the current work which is being carried out on the visualisation 
and the disruption of the fouling layer. Finally, the conclusions drawn from the
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literature reviewed will be presented; detailed discussion of the literature directly 
relevant to this work will be contained within the main body of the dissertation.
2.2. Historical Development of Membrane Filtration
In 1855, Pick employed dialysis and osmosis to determine the laws of diffusion 
however, it was not until 1906 that Bechhold coined the term "ultrafiltration"*^, which 
was used to describe the membrane filtration of macromolecules, colloids and 
particles. The early history of membrane filtration was exclusively based on reverse 
osmosis and ultrafiltration, employed solely in a dead end configuration^^. Up to the 
1960’s, the industrial application of membranes was unsuccessful as the separations 
were slow, not highly selective, inefficient and, as energy was cheap, distillation was 
much more highly favoured^^.
The emergence of membrane separations for industrial applications in the late 1960’s 
was"almost entirely attributable to the development o f a family o f uniquely structured 
polymeric membranes which display extraordinarily high hydraulic permeabilities"^. 
Organic membranes have been made from cellulose acetate^’^ ,^ cellulosic^,
polysulfone^^’^"*, polyamide^^ and other polymers^^’^ '*. However, there were a number 
of hmitations with organic membranes with respect to operating temperature, pressure 
and pH^’^ .^ In order to address these limitations, ceramic membranes were developed 
which could resist high pressure, temperature and pH extremes^^’^®. Because of this, 
ceramic membranes were of particular use for removal of oxides entrained in molten 
aluminium and magnesium^^, in the nuclear industry^^’'*^ and in the food industry.
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26,29,55where contamination of the membrane could cause problems
At the same time as the development of the highly permeable membranes^, a new 
technique was developed, which utilised a high fluid circulation rate tangential to the 
filtration barrier '^*’^ . This technique, known as crossflow filtration, was originally 
reported to produce fluxes 2-10 times higher than with conventional techniques'*; the 
advantage being due to the fluid shear rate at the membrane surface promoting back 
diffusion of macromolecules and shear induced radial migration of colloidal particles'*. 
However, despite the increased fluxes attainable using this technique, fouling of the 
membrane continues to affect the filtration performance. Therefore, since the 
development of this technique, work has been carried out into the identification of the 
fouhng mechanism, for particles and macromolecules as well as the visualisation and 
the disruption of the fouling.
2.3, Identification of Fouling in Particulate Systems
2.3.1. The effect of process and system parameters
The parameters which define the performance of a crossflow filtration process when 
applied to biological particulate suspensions are the transmembrane pressure^’^ '^^ ,^ cell 
concentration^’^ ’^^ °’®*’^ ’^^'* and viability^ '^^ '^^ ,^ fermentation conditions^^’^ ,^ pore size of the 
membrane* viscosity®"*, ionic strength® ’^®*, pH®^'®^ and crossflow velocity and
Reynolds number^’®^ ®*’®^’^®. This section will consider work that has been conducted 
with transmembrane pressure, cell concentration and viability and crossflow velocity. 
The other parameters that have been seen to have an effect on the crossflow filtration
8
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of cell suspensions will be considered briefly at the end of this section.
Typically, experiments are conducted in closed loop systems, so the feed concentration 
is constant throughout an experiment. All experimental studies show that the flux 
declines rapidly towards a steady-state value. Generally, the studies concerning 
transmembrane pressure have shown that the steady-state flux initially increases with 
transmembrane pressure to a maximum and subsequently either decreases®*, as 
observed with a yeast suspension up to a transmembrane pressure of 3.0 bar, or 
remains unaffected^ ®^ ®®, as observed in a bacterial suspension up to 6.1 bar^ and 
different yeast suspensions up to 10 bar®® and 2 bar®®. This maximum flux, and the 
transmembrane pressure at which it occurs, is itself dependent on other system 
parameters®®’®*. Other studies®  ^ have shown that the steady-state flux continually 
increases with transmembrane pressure; however, these studies were carried out up to 
a lower transmembrane pressure (of up to 0.98 bar)®^ . In general, increasing the 
transmembrane pressure has also been shown to increase the concentration of particles 
on the membrane, and thus the specific cake resistance of the filter cake. This has 
been seen with yeast cells®^  and with Escherichia Coif‘d.
In general, the effect of increasing the particulate concentration in biological 
suspensions is to decrease the steady-state flux®®’®*, and to increase the concentration 
of cells deposited®  ^ and rate of deposition®® on the membrane. The effect of 
concentration on the flux is dependent on the proportion of non-viable cells being 
harvested in a yeast broth®®; the greater the proportion of non-viable cells, the higher
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the flux®®. Shear does not damage cells, as is evident from results which have shown 
that in the crossflow filtration of animal cells, Reynolds numbers of up to 71 000 do 
not cause damage®®.
Generally, an increase in the crossflow velocity results in an increase in the flux®®’®^ 
and the transition from laminar to turbulent flow results in a step change in the flux®^ . 
However, under some conditions, increasing the shear at the membrane surface above 
a certain value decreases the steady-state flux®*. Other workers have reported a 
decrease in flux with crossflow velocity’®, due to the particle size distribution being 
used.
The process parameters considered above can be manipulated during the crossflow 
flltration of a fermentation broth. Other parameters, which are as a result of the 
condition of the fermentation broth have also been investigated: pH®®, ionic strength®  ^
and viscosity®"*. It has been shown, using polystyrene latex particles®®, that by 
modifying the pH, the electrostatic interactions between the particles and the 
membrane can be altered. By modifying the pH to cause an electrostatic repulsion 
between the membrane and the particles, flux has been increased, although the 
separation efficiency decreases®®. Increasing the ionic strength of an E. Coli suspension 
caused the voidage of the filter cake to decrease, reducing the flux®^  and increasing 
the viscosity of the suspending liquid for PMMA particles caused to flux to decrease®"*.
10
Literature Review
i
2.3.2. Identification of the fouling mechanism
Early attempts to model the particulate fouling of membranes in crossflow filtration 
employed concentration polarisation theory (Appendix A). This had been proposed to 
explain the phenomenon of steady-state flux in ultrafiltration processes in which 
Brownian diffusion was assumed to be the mechanism by which macromolecules were 
removed from the fouling layer"*; the driving force for the diffusion being the 
concentration gradient between the membrane, Cq, and the bulk flow, Cg. However, 
in particulate systems. Brownian diffusion was found to predict unrealistically high 
values for Cq/Cb, and, as a result, final fluxes some orders of magnitude higher than 
predicted®; this was termed the "flux paradox""*’*. To address this, shear-induced 
particle diffusivity was used to replace Brownian diffusivity’^’®. However, this 
approach still resulted in a significant discrepancy between prediction and 
experimental data for certain studies’ ;^ additionally, the determination of the shear- 
induced diffusivity was based on a highly empirical correlation’®. An alternative 
approach considered inertial lift away from the membrane®®’®. This approach proved 
to be only applicable for large particles (larger than 20|xm), whilst shear-induced 
diffusivity and Brownian motion were only applicable with smaller particles” . As a 
result, neither approach could be applied to a wide size range.
Other models have been proposed which describe the membrane fouling in terms of 
particle aggregation’®, particle adhesion’  ^ and a force balance® .^ Each of these 
approaches assume that the fouling is built up on the membrane surface as a filter 
cake, and is not pore related; indeed, the particles considered in the aggregation
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model’® were smaller than the pore size of the membrane; this model generates particle 
aggregates statistically, based on the morphology and the angle of contact of the 
particles. Similarly, the adhesion model’® derived the probability of particle adhesion 
based on a protrusion height on the membrane for particle deposition; this protrusion 
traps the particle on the membrane, causing adhesion. A model to predict the steady 
state flux based on a force balance model has also been applied®®. This considers 
hydrodynamic and interparticle forces and balances them against the frictional force 
at the membrane surface to determine whether deposition occurs. Studies to discover 
the dynamics of the cake build up have been conducted with latex particles®® and with 
talc*®. The work with latex particles proposed a model in which the probability of 
particle capture by the membrane was based on the angle of approach of the particle 
and the velocity of the particle®®.
The constant pressure blocking laws have been used for modelling the membrane 
fouhng by biological particles*®'®*'®*'®®. These were derived for dead end filtration and 
each of the four models assumes a mode of fouling: the complete blocking law 
assumes that a particle will block a pore upon reaching the membrane surface; the 
intermediate blocking law assumes that a particle will either block a pore or 
superimpose upon another particle when reaching the membrane surface; the cake 
filtration law assumes that a cake is formed on the membrane surface; the standard 
blocking law assumes that particles foul inside the pores, decreasing the pore size of 
the membrane. Some workers have shown that the initial fouling during crossflow 
filtration is the same as that in dead end mode®’'®®'®*'®"*. These models have also been
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applied to the entire crossflow filtration process by modifying them to account for 
tangential flow®*’®®; this has been done empirically for yeast filtration®*, and by 
considering the rate of removal of yeast particles or erosion of filter cake per unit area 
of membrane®®. The standard blocking law, for yeast,®"*, the complete blocking law, for 
latex particles,®® and the cake filtration law, for yeast,®*'®® have all been shown to be 
capable of describing the flux decay in the crossflow filtration of particulate systems, 
depending on the specific process and system parameters.
2.4. Identification of Fouling in Macromolecular Systems
2.4.1. The effect of the process and system parameters
The effect of the process and system parameters on protein fouling has been studied, 
and the effect of transmembrane pressure, concentration and Reynolds number on 
membrane fouhng is presented in this section. The other parameters that have been 
shown to have an effect on the crossflow filtration of macromolecules are the ionic 
strength®®'^ *, the and the viscosity®^’^"*'^ ®, these will be considered briefly at
the end of this section.
Generally, and according to concentration polarisation theory, increasing the 
transmembrane pressure past a certain value will simply increase the thickness of the 
fouhng layer, but not the steady-state flux® "*. This has been observed in experimental 
systems, with Bovine Serum Albumin (BSA)^®'” , ovalbumin^®, lysozyme, pepsin, hpase 
and y-globulin^®. The value for this threshold transmembrane pressure is dependent on 
other system parameters. However, the permeabihty of the membrane and the protein
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deposit (BSA) can increase with transmembrane pressure^^.
Increasing the protein concentration has generally been seen to increase the rate of 
fouhng and decrease the steady state flux, for instance, with BSA” '*°° and ovalbumin^®. 
However, some workers have found that the steady state flux for BSA is almost 
independent of concentration*®*, despite an increase in the fouhng rate and an increase 
in concentration from 0.1 wt. % to 2 wt. %. For some highly viscous fluids (e.g. 
xanthan gum), final flux has been seen to increase with concentration^®, although the 
initial rate of fouhng increased.
Increasing the crossflow velocity has been shown to increase dénaturation of BSA*®®, 
which leads to an increase in fouhng and a decrease in the steady-state flux. However, 
other studies have shown that increasing the crossflow velocity will increase the 
steady-state flux^ ®’^® of a number of different protein systems. Concentration 
polarisation theory also predicts that increasing the crossflow velocity will increase the 
steady state flux, as this wiU decrease the size of the laminar sub-layer and increase 
the concentration driving force®’"*.
The process parameters considered above are those which can be manipulated during 
the crossflow filtration of a fermentation broth. Other parameters, which are as a result 
of the condition of the initial broth have also been investigated: pH, ionic strength and 
viscosity. Generally, the final flux and the rate of fouhng is at a minimum at the 
isoelectric point of the protein®®’^®’^’’*®®, due to increased adsorption^’, or due to the
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lower solubility concentration forcing the protein out of solution®®. Generally, flux 
decreases as the ionic strength increases*®®. However, the effect of ionic strength varies 
depending on the respective charges of the protein solution and the membrane. 
Increasing the salt concentration can increase the flux at the isoelectric point due to 
electrostatic shielding by the salt, which decreases the interaction between the 
macromolecule and the membrane®’"^’. Generally, an increase in viscosity results in a 
decrease in flux^ "*, which is in agreement with Darcy’s Law (J = Ptm/(Viscosity x 
Resistance to flow))®*. However, with highly viscous xanthan gum^ ®, increasing the 
viscosity further by increasing the concentration results in an increase in flux due to 
shear thinning^®.
2.4.2. Identification of the fouling mechanism
The application of crossflow filtration to biological systems has been hindered by 
membrane fouling which results in a decrease in the flux and the protein transmission 
with time*"*. For a binary mixture of two proteins, ovalbumin and y-globulin, it has 
been suggested that the formation of deposits occurs independently for each of the two 
proteins^®. Three mechanisms have been suggested for the fouhng mechanism: 
concentration polarisation, protein aggregates and adsorption. This section will 
consider each of these separately, although some studies have shown that a 
combination of these may be taking place*"*’^®’*®"*’*®®.
The theory of concentration polarisation was conceived in electrochemistry® and 
applied to the filtration of macromolecular solutions® "*. The concentration polarisation
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model assumes that concentration polarisation initially occurs at the membrane 
surface, ultimately leading to material coming out of solution, which is referred to as 
a gel layer. It has been observed that an equilibrium flux ultimately results, which can 
be explained by the rate of back diffusion being equal to the rate of deposition®’"*; the 
driving force for back diffusion being the ratio between the gel layer concentration, 
Cq, and the bulk concentration, Cg (Appendix A). Studies based on concentration 
polarisation have shown that the macromolecular concentration at the wall increased 
steadily from the inlet of the channel to its outlet*®®. The transmission of 
macromolecules through the membrane*®’ *®^ and the mass transfer of protein away 
from the concentration polarisation layer*®®’**® **® have also been studied.
Protein aggregation has been seen to take place mainly within the pores during 
crossflow filtration^®’*®®’**®"**®’*®*. The deposition of small quantities of aggregated 
proteins serve as initiation sites for the continued deposition of protein**®. It has been 
proposed that the shear at the membrane surface unfolds BSA, thus promoting 
flocculation**"*. Other work has shown that the rate of protein dénaturation increases 
with temperature, time and crossflow velocity, and the membrane fouling is different 
depending on the extent of dénaturation*®®. The rate of aggregation has been shown 
to increase with pH, despite the increase in electrostatic repulsion between the 
molecules**®, and with transmembrane pressure*®*, as this increases the initial rate at 
which macromolecules reach the pores.
Adsorption of protein to the membrane surface has been reported in a number of
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studies*®’*®’*’’®®’” ’*®® **’'*®®. Work with BSA has shown that the amount of protein that 
is adsorbed to the membrane surface is between three-quarters of a monolayer*® and 
a full monolayer*’, and this forms quickly at the start of an experiment*®®’*®®; with 
blood plasma, the adsorbed material is several molecules thick®®. At this time, the 
permeability of these layers is comparable to those deposited passively*®*. Protein 
adsorption is pH dependent, with the maximum adsorption occurring at the isoelectric 
point” ’*®®’*®*. The type of membrane is also important, as adsorption is physical and 
chemical interaction between the protein and the membrane*®®’**’’*®®; the pore size of 
the membrane is also important*’ ” , with less adsorption taking place with larger pore 
sizes.
Fouling has been attributed either to fouling within the pores, by aggregation and 
adsorption within the pores, or to fouling on the membrane surface, due to 
concentration polarisation and adsorption on the membrane surface. Studies have 
shown that both occur throughout the duration of a crossflow filtration run*"*’^ '^*®"*’*®®. 
Initially, the rapid flux decline is due to external pore blockage, this is then followed 
by internal deposition of partially retained proteins and cake formation^®. Other work 
showed that internal pore fouling reduced the pore size of the membrane allowing the 
build up of a layer of the membrane surface*®"*. This mechanism is dependent on the 
size of the solute and the pore size*"* and pore size distribution*®  ^of the membrane.
The constant pressure blocking laws have been used to describe the crossflow filtration 
of macromolecular systems*®’*®’^ ’^**^’*®®'*®®. Workers have shown that the standard
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blocking law*®’*®’*®"* *®®, the cake filtration model*®® and the complete blocking law*®® 
could be used to describe the initial stages of protein crossflow filtration or dead end 
filtration, depending on the system conditions. The constant pressure blocking laws 
have been adapted to account for constant flow, and the resultant constant flow rate 
blocking laws have been used for dead end microfiltration of BSA, with the 
intermediate law fitting the pressure drop data best*®®.
2.5. The Membrane Filtration of Combined Systems
Both artificial systems, consisting of a particulate suspension in a macromolecular 
solution, and real fermentation broths, containing microorganisms have been used to 
investigate fouling in combined systems.
2.5.1 Artificial Combined Systems
The membrane filtration of suspensions of Saccharomyces cerevisiae in a 
macromolecular broth of BSA*®’"*®^ and Dextran T70*®’’*®* has been studied in dead end 
and crossflow filtration. Experiments have been carried out in dead end filtration to 
investigate the effect of a preformed particulate cake layer on the filtration of 
macromolecules *®^. The yeast cake was preformed by gravity settling onto the 
membrane, producing a thick loose cake and by vacuum filtration onto the membrane, 
producing a thin cake. The presence of the thin cake layer increased the steady state 
flux compared with no cake layer, whereas a thick cake layer decreased the flux 
relative to no cake layer; it was deduced from this that the thin cake layer acted as a 
pre-filter for the protein, sieving out protein aggregates which would otherwise foul
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the membrane. In crossflow filtration experiments*®’’*®^, a dense layer referred to as a 
"dynamic membrane" was seen to form with elastic compression at the interface of the 
membrane and the cake layer, which caused rejection of BSA and T70 and increased 
the blocking of the membrane. This was due to the compressibility of the yeasts and 
associated extracellular material, and T70 rejection was not seen with incompressible 
poly methyl methacrylate particles.
Other systems have been studied which consider the influence that other particles and 
macromolecules have on each other while fouling the membrane®®’*®®’*®*. It has been 
seen that in a mixture of tannic acid and kaolin, the flux decline curve is nearly 
identical to that of the tannic acid alone, and fouling is due to the deposition of tannic 
acid in the membrane pores*®®. Experiments with Anthrobacter simplex cell 
suspensions in BSA solutions have been mathematically modelled*®* using a resistance 
in series model, which was applied to the lower operating pressure range and a mass- 
transfer model, which was applied to the higher pressure range. These models can 
predict flux to within 10.5%*®*. With a Lactobacillus helveticus broth, macromolecule 
deposits appeared to form between the particles in the cake which was formed®®. The 
coupling between particle blockage by clay particles and gel layer formation by 
dextran macromolecules in ultrafiltration was studied*®®. This showed that the presence 
of the particles disrupted the gel layer and led to an increase in flux.
2.5.2. Real Combined Systems
Studies on fermentation broths have been carried out with bacteria*®®’*®®, micelles*®"* and
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yeasts*®®’*®®. For the crossflow filtration of bacteria {Bacillus polymyxa), the effect of 
physical parameters, such as pH, Reynolds number and transmembrane pressure have 
been investigated*®®; it has been concluded that fouling is principally due to the 
presence of the cells. In an industrial crossflow filtration process, the feed 
concentration increases with time as the filtrate is removed; five stages of membrane 
fouling have been identified for the flux against concentration for the increase in 
concentration*®®. Initially, macromolecules adsorb onto the membrane surface causing 
a rapid decline in flux, followed by a build up of a cellular sublayer on the membrane 
which has little effect on the flux, until a monolayer has been formed. As subsequent 
sublayers are formed, the flux decreases until equilibrium is reached between the rate 
of deposition and the rate of removal of cells. At this time, the sublayers densify as 
the cells rearrange themselves, resulting in gradual flux decline. Finally, as the feed 
solution becomes more concentrated, the viscosity increases resulting a large drop in 
flux.
Shear has been identified as a problem in the crossflow filtration of biological particles 
(e.g., with baker’s yeast*®® and bacterial broth*®®). Scouring effects, determined by the 
lift velocity of particles away from the membrane has been used to describe the rate 
of removal of particles away from the membrane*®®. This has been empirically shown 
to be related to concentration, feed velocity, particle size, viscosity and a filtration 
constant*®®. This relationship was equally able to predict the flux for shear-broken cell 
suspensions, which have extracellular material associated with them, as it could for 
monodispersed latex particles*®®.
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Finally, it has been observed that small particles within a fermentation broth cause 
reduction of the steady-state flux by filling the gaps between larger yeast particles 
which form the cake on the membrane surface*®®. In this situation, it has been shown 
that the steady state flux increases with transmembrane pressure, as opposed to the 
experiments seen with particles which show that the steady-state flux is independent 
of transmembrane pressure®’®®’®®; it has also been shown that the steady-state flux 
decreases with the circulation flow rate, which corresponds with some workers’®, but 
contradicts most of the work carried out to investigate the effect of crossflow velocity 
on the crossflow filtration of particles®®’®^.
2.6. Methods of Studying Membrane Fouling
Experiments which consider the flux decline data, either as a function of time or 
volume passing through the membrane, can provide information on the kinetics of 
fouling. Likewise, by comparing the effect of various process parameters on the rate 
of flux decline and the final flux, conclusions can be drawn as to the method by which 
fouling is taking place. However, in the identification of the fouling mechanism, it is 
useful to look at the fouling layer as it is being built up, or to quantify the extent of 
fouhng after certain periods of time. This section will review the techniques that have 
been used to do this.
Small amounts of protein can be quantified using protein-dye binding techniques*®’; 
an adaption of this technique is the use of microspectrophotometry*®®. However, 
although this allows a concentration profile to be built up, the structure of the fouling
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layer and the location of protein cannot be determined. In protein systems, energy 
dispersive spectroscopy has been used to determine the extent of fouling within the 
pores of inorganic membranes*® .^ These studies revealed that adsorption related pore 
plugging contributes to membrane fouling. Electron paramagnetic resonance (EPR) 
spectroscopy has been employed using spin labelled BSA*"*®; results from using this 
technique show that proteins on the membrane surface have a different conformation 
to those within the membrane pores.
In situ nuclear magnetic resonance (NMR) imaging has been used for the investigation 
of bentonite particle deposition*"**; this achieved a resolution of 20p,m and an accuracy 
of 10|0,m and allowed observers to follow the growth of very thin particle layers. 
Ultrasonic measurement of cake layer thickness*"*®’*"*® has also been used as a way of 
obtaining information about membrane fouling during crossflow filtration. High speed 
video cameras have also been used to show flow patterns due to the use of baffles in 
the crossflow filtration of yeast*"*"*, whereas a microscope video system has been used 
to visualise the microfiltration of oils*"*®.
The most widely used method for imaging the fouling layer in crossflow filtration is 
Scanning Electron Microscopy (SEM). Electron microscopy was developed in the 
1940’s*"*®, although it is only recently that it has be used study membrane fouling. This 
technique has been used with both proteins**® and particles®"*’®®’*®®. Work that has been 
carried out on BSA**® has shown large aggregates of BSA forming on the membrane 
surface. This has been stopped by altering the structure of the BSA molecule;
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however, individual molecules are not shown in this study, only large groups of 
aggregates**®. Conventional SEM has limited resolution without the use of high beam 
energies which may damage the sample*®*. Field emission scanning electron 
microscopy (FESEM) achieves high resolution at low beam energies*® ’^*®*. However, 
this is still not able to detect adsorbed protein*®*. Particulate SEM studies have been 
carried out on E. CoZz®"*'®®, Bacillus broth*"*’, polymethyl methacrylate particles®’ and 
Saccharomyces Cerevwzae®’’®’’®®’*"*®.
Most of the visualisation work that has been carried out with particles has used 
Scanning Electron Microscopy®®’®®’*"*®. This technique has been used to observe 
partitioning at the pore entrance by yeasts®®, which affects the effective membrane 
area. More typically, SEM analysis has been used to show the cake formation®®. For 
yeasts, it has been shown that a single layer yeast cake forms quickly and irreversibly 
upon the application of pressure*"*®.
The formation of a macromolecular fouling layer on the membrane surface has been 
visualised experimentally®’^®’*"*^'*®*. This has been done using Scanning Electron 
Microscopy, showing a series of submicron layers of protein precipitates®. Field 
Emission Scanning Electron Microscopy showed fouling to be a surface effect with 
aggregates fouling at high transmembrane pressures and cake formation at lower 
transmembrane pressures*®*. A radio isotope technique*"*^  and an infrared adsorption 
technique*®® have shown that a macromolecular layer forms at high concentration 
above the membrane, and it can been concluded that this is due to concentration
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polarisation.
By using very large particles (125fxm - 180pm), flow visualisation of the filtration 
process has been carried out using a high resolution video camera®®. These studies 
showed that, with laminar flow, once a large enough fouling layer had been laid down, 
there was little further transport of particles to the membrane, and those that did get 
to the membrane, rolled along the top of the fouling layer®®. A later study by the same 
authors*®® used the same technique to show filter cake erosion due to baffles in the 
flow channel.
2.7. Disruption of the Fouling Layer
Backwashing is one of the most common methods of disrupting the fouhng layer. This 
technique involves applying a negative transmembrane pressure to the membrane, 
reversing the flow and allowing filtrate to flow back into the retentate. As the filtrate 
flows back through the pores, the fouling layer is disrupted and removed from the 
membrane and resuspended into the retentate. A study with yeast®"* showed that for a 
backwashing cycle of five minutes filtration, five seconds backwashing, the filtrate 
flux remained constant at a value close to the clean water flux over a period of three 
hours. Other workers*®® reported that backwashing made the long term filtration of 
yeast cells for more than twenty hours practicable, while having the added benefit of 
increasing the permeability of proteins through the membrane. More recently, studies 
to optimise the duration and frequency of the backwash for yeast suspensions have 
been carried out®®'*®"* *®®. A backwash cycle (the backwash time and duration between
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backwashing) of 1 - 40 seconds was seen to be optimal*®"*’*®®, depending on other 
conditions, although it has been found that backwashing does not yield a process 
advantage in every case®®.
Pulsing the feed flow has been used to reduce fouling; improvements in flux of 
62%*®®, 80%*®’’*®®, 174%*®® and two orders of magnitude*® ’^*®® have been reported while 
greatly reducing the energy requirements for operation*®*. This technique has been 
used to disrupt the fouling layer which resulted from concentration polarisation in 
systems containing BSA*®^ ’*®®'*®® and dextran*®®, as the boundary layer is thinner under 
pulsating crossflow conditions*®®. Pulsing the permeate and the feed has also produced 
instability of the fouling layer*®® and reduces the protein loss due to adsorption®®. The 
use of baffles has been shown to increase flux*"*"*, and in combination with pulsatile 
flow*®"*, the flux was seen to be significantly improved, especially with central 
baffles*®®. However, the use of baffles does increase the energy requirements for the 
process*®®, due to the increased pressure drop. Periodic interruptions of the feed have 
also been seen to increase the flux with a system containing baker’s yeast*®’; flux was 
further increased by the introduction of air bubbles*®’, as the injection of air promotes 
turbulence in the system, suppressing the polarisation layer*®®, and results in flux 
increases of over three times compared with single liquid phase ultrafiltration*® .^
Other techniques for reducing fouling have considered modifying the membrane. 
Membrane modification has its basis in the different characteristics of different 
membranes or the feed^*’*’®**’®. Hydrophobic organic membranes are very susceptible
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to protein fouling*’®. However, these membranes are much more chemically and 
thermally resistant than hydrophillic membranes*’®. Increasing the hydrophilicity of the 
membrane has increased the flux significantly” '*’®'*’®, as has chemically modifying a 
polysulphone membrane with low fouling additives during manufacture*’®.
2.8. Concluding Comments
The work presented in Section 2.3, concerning the fouling in particulate systems is 
well defined. In general, the steady-state flux is independent of transmembrane 
pressure, after a maximum steady-state value has been reached, decreases with 
concentration, but increases with Reynolds number. A number of different approaches 
have been taken to model the flux decline due to membrane fouling in particulate 
systems; one of the most common of these is the use of the constant pressure blocking 
laws, with adaptions to account for the tangential nature of the feed. Each of these 
models has been used successfully, depending on the system conditions.
The effect of the process parameters on a macromolecular solution is equally well 
defined, with the steady-state flux being independent of transmembrane pressure, 
decreasing with concentration and increasing with Reynolds number. A number of 
fouling mechanisms have been identified for this type of feed: concentration 
polarisation, which leads to the formation of a gel layer; protein aggregates forming 
in the pores; and, adsorption of protein to the membrane. The constant pressure 
blocking laws have also been used to describe the flux loss due to fouling by a 
macromolecular solution. However, as with a particulate suspension, the type of
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fouling is specific to the individual system.
Much less work has been carried out on the combined effect of particles and 
macromolecules during membrane fouling in crossflow filtration. Some work has 
considered the filtration of macromolecules through a pre-formed particulate layer, 
whereas other studies have attributed the fouling to the particles in the suspension. 
However, it can be concluded that relatively little work has taken place to qualify the 
fouhng mechanism for a system containing both particles and macromolecules, a 
conclusion which has also been drawn by other workers in this area®.
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CHAPTER 3 
MATERIALS AND METHODS
3.1. Introduction
The aim of this dissertation is to present the work that has been carried out into the 
identification of the fouling mechanism for the crossflow filtration of a particulate 
suspension in a macromolecular broth. This chapter will detail the equipment and 
materials that were used in this study. The experimental procedures for the different 
experiments will then be given. Finally, a short discussion of the operating parameters 
selected will be presented.
3.2. Equipment
The items of equipment used in the experiments can be split into four categories: the 
filter housing and membrane; ancillary equipment; control, instrumentation and 
sampling equipment; and, analytical equipment.
3.2.1. Filter housing and membrane
The experiments were performed with Rhone Poulenc, Tech-Sep Carbosep membranes 
which were purchased from Ultra-Tech Services Ltd. These membranes consist of a 
Zirconium Oxide - Titanium Oxide mix, with the relative proportions of the oxides 
determining the pore size. The membrane used in these studies had a nominal pore 
size of 0.45 fxm, and were predominately Titanium Oxide. The membrane is 
hydrophillic in nature and fixed onto a tubular 2mm thick porous carbon support
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which gives mechanical strength. The support used in these experiments was 20 cm 
in length and had an internal diameter of 6mm giving a total membrane area of 40 
cm\ A Scanning Electron Microscopy photograph of the membrane surface is 
presented in Figure 3.1; the white patches seen on the membrane are due to the gold 
sputtering (Section 3.5.1).
The use of inorganic membranes in the crossflow filtration of fermentation broths has 
many advantages. Inorganic membranes are much more robust to chemical and 
physical extremes than organic membranes. This means that cleaning and sterilisation 
can take place at high temperature and pressure or at extreme pH. Inorganic 
membranes are also highly consistent in their pore size. As a result of these qualities 
metallic oxide membranes (alumina, zirconia and titania) have been widely used for 
crossflow filtration of biological materials®®'®"*®* *"*®. It is for these reasons that a 
metallic oxide membrane has been used in these studies. A particular advantage of the 
Carbosep system is that the filters can easily be made into filter coupons without 
damage to the membrane. The carbon support can be diamond polished to give a 
smooth surface which wül seal against rubber.
The largest pore size which is capable of separating out the desired components should 
be used so as to obtain a maximum flux. Additionally, for applications in the brewing 
industry, the membrane must be porous enough to ensure that flavour compounds and 
colour compounds are not filtered out’. For these reasons, a 0.45p.m pore size has been 
selected for these experiments. This will produce sterile beer, which will have minimal
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impact on flavour and colour removal.
Filter coupons were made by cutting a membrane into semi-tubular pieces of 
approximately 1cm in length using a band saw. These pieces were then diamond 
polished to a 5pm finish; this allowed them to be sealed against a rubber gasket. The 
coupons were fixed into their housing using silicaset; this ensured that there were no 
leaks from around the coupon.
A photograph of the filter housing for the module experiments is presented in Figure 
3.2; a drawing of the end of the filter and housing is presented in Figure 3.3*’"*. This 
shows that the membrane is held in place by a rubber membrane seal (Figure 3.3a). 
Pressure gauges can be screwed directly into the module, and a seal is ensured by 
using rubber 0-rings (Figure 3.3b). The filter housing is constructed of stainless steel 
316L, and the module and membrane can withstand temperatures of 85°C, pH’s 
between 1 and 14 and an operating pressure of up to 10 bar, although the maximum 
transmembrane pressure possible is 4 bar. The module and the membranes can be 
steam sterilized at 121 °C, without the rubber membrane seals and 0-rings.
In the coupon experiments, a different filter housing was needed for dead end mode 
and for crossflow mode. Photographs of these are presented in Figure 3.4. The filter 
housing for the dead end experiments was constructed of stainless steel. The filter 
coupon was held in position by a lip on the base and the lid of the housing; leaks 
were prevented by sealing against a rubber gasket and coating the joints between the
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filter and the housing with silicaset. The filter housing for the crossflow experiments 
was made by drilling a 6mm hole through a 10cm long PTFE tube. The filter coupon 
was held in position using a wire around the coupon and the housing. Leaks from 
around the coupon were prevented by coating the joints between the filter and the 
housing with silicaset. A schematic showing the basis for the coupon experiments is 
presented in Figure 3.5.
3.2.2. Ancillary equipment
This section will detail the other equipment used in these experiments; a schematic of 
the experimental set up for the module experiments is presented in Figure 3.6. During 
each module experiment, the feed was pumped from a feed tank via a pressure relief 
valve to the filter. From the filter, both the retentate and the filtrate were passed back 
to the feed tank. The coupon experiments were more simple; a schematic of the 
experimental set up for dead end and crossflow mode are presented in Figure 3.7. The 
feed was pumped from the feed tank to the filter. For those experiments carried out 
in dead end mode, a T-junction before the filter allowed a recycle of the feed through 
a needle valve back to the feed tank. In crossflow mode, the needle valve was on the 
retentate hne, which then passed back to the feed tank.
The feed tanks used for these experiments were glass conical flasks. These were rinsed 
out with pre-filtered tap water prior to use. For the module experiments, a five litre 
flask was used for a feed of three litres; this allowed headspace for the foaming of the 
protein. For the same reason, a two litre flask was used in the coupon experiments
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with a feed of one litre.
Two different Rotofiow vane pumps were used for the experiments; these were 
purchased from Pump Engineering. For the module experiments, the pump gave a 
maximum flow rate of 1701 hr ’ against a head of 3.0 bar allowing a Reynolds number 
of up to 10000. For the coupon experiments the pump gave a flow rate of 150 1 hr ’ 
against a head of 1.5 bar, allowing a Reynolds number of up to 9000. Both pumps had 
an adjustable internal by-pass valve allowing the flow rate to be altered using this as 
well as using the valves in the system. The pump heads were brass made with a 
stainless steel rotor; this prevents problems in the cleaning of the system with sodium 
hydroxide. The pumping chamber and the vanes were made from graphite carbon. A 
vane pump is very similar to a centrifugal pump, with turning vanes instead of rotors. 
This gives a non-pulsating flow, with a consistent transmembrane pressure. The ability 
to change the flow rate while maintaining the system pressure was important. This was 
achieved by using the internal by-pass in the pump.
The module set up was hard piped with copper piping. It has been shown by atomic 
adsorption spectroscopy that the amount of copper taken up by the flow of the feed 
was less than 1 ppm, and thus negligible. The coupon rig had to be much more 
flexible, as experiments were being carried out in different configurations. Therefore, 
reinforced plastic tubing was used, with joints clamped using jubilee clips. Tubing 
connectors in both systems were made of brass.
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3.2.3 Control, instrumentation and sampling
The parameters to be controlled in these experiments were the pressure, the flow rates 
and the temperature. Bourdon pressure gauges, purchased from Platon Flowbits, were 
used to monitor pressure. These gauges are accurate to ± 0.05 barg, and the gauges 
used were capable of measuring up to 6 bar on the inlet to the filter module and 4 bar 
on the outlets. However, safety considerations required the system pressure to stay 
below 49 psi (3.4 bar); this constraint was met using a pressure relief valve.
The flow rate of the feed and the transmembrane pressure were controlled by using 
the needle valves on the retentate line and the filtrate line respectively. For the coupon 
experiments in dead end mode, the transmembrane pressure was controlled by using 
the needle valve on the by-pass line. In crossflow filtration, Reynolds number and 
transmembrane pressure were set by using the needle valve on the retentate line, and 
by adjusting the internal by-pass loop on the pump.
Temperature control in the module experiments was carried out by linking the high 
temperature alarm on a temperature sensor to a solenoid valve on a cooling water 
circuit. This controlled the temperature of the feed to ± 0.3°C. Clean water 
experiments at different temperatures showed that at an increase in temperature from 
20°C to 49°C only increased the filtrate flow rate by 0.5 ml min’ (Appendix B). 
Therefore, the temperature control achieved by this method is adequate for these 
experiments. No cooling took place during the coupon experiments as they were 
generally much shorter than the module experiments.
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Samples were taken from the filtrate line using a needle syringe through a septum. 
The septum was positioned as close to the membrane as possible as the filtrate flow 
rate was very low. Samples from the retentate line were taken directly as the retentate 
was returned to the feed tank.
3.2.4. Analytical equipment
The BSA concentrations were measured using a Perkin Elmer UV Spectrophotometer 
Lambda 2 at an absorbance of 278 nm. A spectrophotometer works on the basis of the 
Beer - Lambert Law which states that a plot of absorbance against solute concentration 
should be linear. A calibration curve for BSA is presented in Figure 3.8.
Particle concentration was measured using a Coulter Counter model ZM. This counts 
the number of particles larger than a preselected size contained in a selectable volume 
of suspension. The accuracy of the Coulter Counter is given as ± 0.5%^^ .^ During the 
experiments, no filtrate concentrations were measured as it was shown that Vinyl 
Acetate would not pass through the membrane. Therefore, particles will either form 
a fouling layer on the membrane or remain in the retentate.
A Cambridge S250 Scanning Electron Microscope was used to study the filter 
coupons. The principle of operation of a scanning electron microscope is presented in 
Figure A fine beam of electrons (B) is scanned across the surface of the
specimen in synchronisation with the spot of the display cathode ray tube (CRT). A 
detector monitors the intensity of a chosen secondary signal from the specimen, and
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the brightness of the CRT spot is controlled by an amplified version of the detected 
signal. If the intensity of the emitted secondary signal changes across the specimen 
then contrast will be seen in the image on the CRT.
The viscosity of the BSA was measured using a Carri-med controlled stress rheometer 
(TA Instruments Ltd.). This instrument uses a rotating disk above a fixed plate at a 
fixed torque, 200 dyn cm for these experiments, to deform the fluid. By increasing the 
shear of the rotating disk, the stress is measured and the viscosity can be calculated. 
This method, by plotting stress against shear can also confirm whether the liquid is 
Newtonian or not. Temperature was be controlled by the instrument to at 20°C 
(± 0.1°C). The accuracy of the instrument is not supplied by the manufacturer; each 
sample was measured twice to confirm the reading.
3.3. Materials
During the course of this work, three materials were filtered, either independently or 
in combination: filtered tap water, a Vinyl Acetate suspension and a BSA solution. 
The water was used as a carrier for the particles and the protein.
3.3.1. Water
It was demonstrated that tap water was capable of fouling the membrane, an effect 
seen by other workers, who showed that fouling increased when tap water rather than 
ultrapure water was used^ ^®. As such, water was vacuum filtered through a 0.2|Lim 
Sartorius cellulose nitrate membrane disk filter before use. To test that the pre-filtered
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water would not cause fouling, a membrane was used in three consecutive two hour 
clean water experiments without cleaning. This showed the same flux after six hours 
of filtration as it had at the start of the first experiment.
3.3.2, Vinyl Acetate particles
Polydisperse Vinyl Acetate particles were supplied by Rhône-Poulenc. They were 
suspended in filtered tap water (Section 3.3.1) to a known concentration, which was 
confirmed using a Coulter Counter model ZM (Section 3.2.4). The size distribution 
of these particles is presented in Figure 3.10, and a more complete discussion as to 
the use of these particles is presented in Section 4.2.3.
3.3.3. Bovine Serum Albumin
Bovine Serum Albumin (BSA) (Sigma Chemicals) was made into solution using 
filtered tap water. The purity of the BSA was measured by Sigma as being greater 
than 97%; the rest being made up of globulin (1.2%), globulin (0.7%) and B 
globulin (0.9%)^^ .^ The solubility concentration of BSA in filtered tap water at pH 7 
has been found to be approximately 400 g 1’. A more complete discussion as to the 
use of BSA as a model macromolecule is presented in Section 5.2.2.
3.4. Module Experiments
The experimental set up and a description of the apparatus used are presented in 
Section 3.2. This section will consider the experimental procedure for the module 
experiments, including the cleaning procedure. The scope of the experiments which
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have been carried out will also be presented.
3.4.1. Experimental procedure
The experimental set up is presented in Figure;3.6. For each experiment three litres 
of feed was made up using the required solute or suspension with filtered tap water. 
Experiments were conducted at constant concentration. To do this both the filtrate and 
the retentate were returned to the feed tank; the volume of feed solution meant that 
material lost to the fouling layer was too small to affect the concentration.
The clean water flux of the membrane at 0.2 bar was checked before a run was started 
to ensure that the cleaning procedures had worked and the membrane had not been 
damaged. This meant that the permeate side of the membrane was primed with water 
at the start of each run. Transmembrane pressure was set by manipulating the pressure 
in the permeate line using the needle valve. Transmembrane pressure is usually 
calculated as the average of the feed and retentate pressures minus the filtrate pressure. 
However, pressure losses to the pressure gauge meant that this did not accurately show 
the pressure in the filtrate line when the filtrate valve was closed, and the 
transmembrane pressure should have been zero. Therefore, the pressure in the filtrate 
line was measured before the permeate valve was opened and the transmembrane 
pressure was set accordingly. The pressure was still recorded in the feed line and the 
retentate line. The Reynolds number was set before the start of the experiment by 
using the internal by pass valve on the pump and the needle valve on the retentate 
line; there was no flow through the filtrate line while this was being measured.
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The filtrate flow rate was measured at two minute intervals for the first ten minutes 
of the experiments. After this, it was measured at ten minute intervals; the filtrate flow 
rate was measured for as long a time as possible during this interval using a 25ml 
measuring cylinder. The errors on these readings is minimised by measuring over a 
long time period and has been calculated as being ± 5%. The temperature and 
pressures were recorded every time a measurement was made.
Early experiments showed that Vinyl Acetate particles would not pass through the 
membrane, and the presence of Vinyl Acetate in the retentate of the mixed solution 
affected the spectrophotometer reading. Therefore, samples were only taken when they 
contained BSA alone. Retentate samples were taken directly from the retentate line as 
it was returned to the feed tank. Filtrate samples were taken through a septum in the 
filtrate line using a needle syringe. This was positioned as close as possible to the 
filter itself as the flow rate in the filtrate line was very low. 5 ml samples were taken 
while the filtrate valve was closed; pressure was applied to the syringe to ensure that 
the transmembrane pressure was not altered during the sampling. Samples of the 
filtrate and retentate (where appropriate) were taken at five minute intervals for the 
first ten minutes, and then at ten minute intervals. These were analysed whilst the 
experiment was taking place. The temperature and pressures were recorded every time 
a sample was taken.
After each experiment, the equipment was cleaned by rinsing with water before 
recirculating a 2% sodium hydroxide solution at 50°C for thirty minutes; the system
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was then thoroughly rinsed with water. The rig was tested for residual NaOH using 
Universal Indicator paper. The membranes which had been fouled with BSA were 
cleaned by placing in 4M Hydrochloric Acid for several hours before being thoroughly 
rinsed with water. The membranes which had been fouled with Vinyl Acetate and a 
combination of Vinyl Acetate and BSA experiments were initially placed in 4M 
Hydrochloric Acid for several hours, then in Butanol for several hours before being 
placed in 4M Hydrochloric Acid again for several hours. The cleaning with 
Hydrochloric Acid and Butanol took place in a fume cupboard. The membrane was 
thoroughly rinsed after each of these stages. All of the water used in the cleaning of 
the membrane was unfiltered tap water.
3.4.2 Scope of experiments
All experiments were carried out at constant transmembrane pressure with the flux 
being allowed to fall, at a temperature of 20°C, a pH of 7 and with filtered tap water. 
Experiments were carried out with BSA solutions from 0.5 g 1’ to 2 g U, Vinyl 
Acetate suspensions from 1x10  ^particles ml ’ to 1x10* particles ml ’ and Vinyl Acetate 
suspensions in a BSA solution using the same range of concentrations. A range of 
transmembrane pressures between 0.2 bar and 1.0 bar was used; a range of Reynolds 
numbers between 4000 and 10000 was used.
3.5. Coupon Experiments
The experimental set up and a description of the apparatus used are presented in 
Section 3,2. This section will consider the experimental procedure for the coupon
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experiments. The scope of the experiments which have been carried out will also be 
presented.
3.5.1. Experimental procedures
The experimental procedure for Vinyl Acetate is simple as these are latex particles and 
do not diffuse away from the membrane when the pressure is released. Any fouling 
that has taken place will remain on the membrane without the need for fixing. 
However, BSA needs fixing to the membrane while the transmembrane pressure is stiU 
being applied otherwise rapid back diffusion of the protein would take place. Also 
included in this section are the procedures for drying the coupons and preparation for 
SEM analysis.
Once the filter coupon had been fixed into the appropriate housing, and the silicaset 
had been left to dry for thirty minutes, distilled water was run through the apparatus 
to test for leaks. To start with, long experiments were carried out for one to two hours, 
to give an indication of how the final fouling layer would appear. In order to see the 
build up of the respective fouling layers, experiments were carried out for different 
lengths of time under the same conditions. Time profile experiments were conducted 
with the coupons in dead end filtration and crossflow filtration. The flow rate through 
the membrane was too small to measure in both dead end and crossflow mode.
The BSA coupons were fixed with 2.5% Glutaraldehyde in 0.1 M Phosphate buffer at 
pH 7.4 while the transmembrane pressure was still being applied. They were then
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washed with buffer before drying. Gradual drying took place 50%, 75%, 90% and 
95% ethanol before being placed into 100% acetone. This graduated drying ensured 
that the fouling layer was not damaged during drying. The coupons then underwent 
critical point drying. The Vinyl Acetate coupons did not need fixing before drying 
took place, and were dried in a desiccator. For the mixed runs, fixing of the coupons 
was carried out in the same way as for the BSA experiments. However, alcohol drying 
was not possible as this would dissolve the Vinyl Acetate. Therefore, these were dried 
in a desiccator for 24 to 48 hours. If they were left for longer (as the Vinyl Acetate 
coupons could be) then the protein would degrade.
In order to use the coupons for scanning electron microscopy, they had to be gold 
sputtered. The gold coating gives the required electron sites needed for scanning 
electron microscopy. A link between the coupons and the stubs to which they were 
fixed was also made, using silver dag.
3.5.2. Scope of experiments
All experiments were carried out at constant transmembrane pressure, at a temperature 
of 20°C, a pH of 7 and with filtered tap water (flow rates were too small to be 
measured). Experiments were carried out with BSA solutions of 1.0 g 1’ and 2.0 g 1% 
Vinyl Acetate suspensions of 1x10  ^particles ml ’ and 1x10^ particles ml ’ and Vinyl 
Acetate suspensions in a BSA solution using the same combination of concentrations. 
Transmembrane pressures of 0.5 bar and 1.0 bar were used in crossflow mode, 1.0 bar 
and 1.5 bar were used in dead end mode. Reynolds numbers of 6000 and 8000 were
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used. More precise descriptions of the experiments that were carried out, and the scope 
of the time profiles are detailed in the relevant chapters.
3.6. Other Experiments
3.6.1. Determination of adsorption
Two sets of experiments were carried out. The first set considered the rate of take up 
of the BSA by the membrane, and the coupons were used for SEM analysis. The 
second experiments were carried out to quantitatively determine the rate of adsorption 
for the conditions used in these experiments.
For the time profile experiment, a solution of 2g 1’ BSA was made up using filtered 
water. This was split into nine different containers, each of which contained a filter 
coupon. The coupons were left for 5, 10, 15, 20, 25, 30, 35 and 40 minutes and 2 
hours before being fixed with glutaraldehyde and dried in the same way as the other 
BSA coupon experiments. They were then studied by SEM analysis.
For the quantitative experiments, a 20 ml solution of 200g 1’ BSA was made up using 
filtered water into which a 3 cm long filter coupon was placed. The concentration of 
the protein solutions was measured every five minutes using the spectrophotometer 
after the sample had been diluted to within the range of the instrument. Measurements 
were taken for one hour.
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3.6.2. Determination of the viscosity profile
An experiment was carried out to determine the variation of viscosity with BSA 
concentration. A dilution series of 2 g 1‘ to 200 g 1’ BSA was made up, and each 
sample was measured twice by the Carri-med controlled stress rheometer (Section 
3.2.4), with the rotating disk and the fixed plate being cleaned with ethanol between 
each reading.
3.7. Discussion of the Operating Parameters
During these experiments, only the parameters of feed concentration, transmembrane 
pressure and Reynolds number were altered during the experiments. Other parameters, 
such as pH, temperature and ionic strength^^ will affect the filtration performance. In 
these studies temperature was kept constant at 20°C, with the pH being 7.0, due to the 
use of filtered tap water. This value is well away from the isoelectric point of BSA, 
which is at 4.7. Therefore, the solubility problems associated with the filtration of 
proteins close to their isoelectric point are not evident in these studies.
At the end of a yeast fermentation’^ ,^ the particle concentration of the order of 1x10  ^
particles m l’. Therefore, this was the lowest particle concentration investigated. 
Further experiments were carried out at higher concentrations, up to 1x10* particles 
ml ’, as the normal aim of a crossflow filtration process is to increase the particulate 
concentration of the retentate. The macromolecular concentration of a fermentation 
broth’^  ^is around 0.5 g 1’. As some rejection of protein by the membrane is expected, 
higher concentrations were also investigated, up to 2 g 1’. Transmembrane pressures
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of up to 1.0 bar have been investigated. Higher transmembrane pressures for the small 
membrane area used in the experiments would result in rapid blinding of the 
membrane. Turbulent flow increases the effect of scouring of the membrane, 
enhancing the filtrate flow. Therefore, Reynolds numbers from 4000 to 10000 were 
investigated, all of which are expected to be in the turbulent regime.
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CHAPTER 4 
THE MODEL PARTICULATE SYSTEM
4.1. Introduction
The review of the literature (Chapter 2) has highlighted the fact that a great deal of 
work has been carried out on the crossflow filtration of particulate suspensions and 
macromolecular solutions separately. However, much less workJ_has]‘been carried out 
on investigating a particulate suspension in a macromolecular solution, specifically to 
determine the fouling mechanism for the simultaneous deposition of particulate and 
macromolecular material during crossflow filtration. In order to identify the fouling 
mechanisms of a combined system, it is first necessary to understand the fouling 
mechanisms for each of the individual systems. Therefore, this chapter will consider 
a model particulate system: Vinyl Acetate particles.
Experiments have been conducted to consider the effect of specific process parameters 
on membrane fouling: transmembrane pressure, feed concentration and Reynolds 
number. Experiments have been carried out using filter modules, to produce 
quantitative data for the flux decline, and also with small filter coupons which have 
been used to visualise the fouling. The module results have been analysed to 
determine the effect of each of process parameters on the initial rate of flux decline 
which is representative of the initial rate of fouling and on the final flux, which is 
representative of the extent of fouling. This data will then be fitted to the constant 
pressure blocking laws’^  (Appendix A). The model parameters optimised in the fitting
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exercise are those related to the rate of fouling, as dictated by the fouling mechanism 
assumed in each model. Qualitative data from the coupon experiments will then be 
presented, and a mechanism for the membrane fouling due to Vinyl Acetate particles 
will be proposed.
4.2. Module Experiments
Experiments have been carried out to investigate the effects of specific process 
parameters on the crossflow filtration of Vinyl Acetate particles. Other process 
parameters that may have an effect on membrane fouling (i.e., temperature, pH and 
ionic strength) have been kept constant throughout all of the experiments (Section 3.7).
Experiments carried out at a Reynolds Number of 5300
Transmembrane Pressure (bar)
0.2 0.3 0.5 0.7 1.0
i AS 100 ✓ ✓ ✓ ✓ ✓ ✓✓✓✓
Table 4.1 - Experiments carried out at a constant Reynolds number
Experiments were conducted for two hours at five different transmembrane pressures 
from 0.2 to 1.0 bar, at a Reynolds number of 5300 and a particle concentration of 
1x1 o’ particles ml ’ and at five different concentrations from IxlO’ to 1x10* particles 
ml ’ at a Reynolds number of 5300 and a transmembrane pressure of 0.5 bar (Table 
4.1). Experiments were also conducted for two hours at six different Reynolds
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Ptm. 0.5 bar  ^Cone. 1 X. lO^pmTPtm. 1.0 bar Cone. 1 X lO^p mT Ptm. 0.5 bar Cone. I X lO^pml'
4000 
6000 
7000 -o g 8000 
1  1 9000 10000
✓
✓
✓
✓
✓
✓
✓
✓
✓/
/
/
✓
✓
✓
✓
✓
✓
Table 4.2 Experiments carried out to determine the effect of Reynolds number
numbers from 4000 to 10000 under three different sets of conditions; 0.5 bar 
transmembrane pressure and a concentration of IxlO’ particles m l’; 1.0 bar 
transmembrane pressure and a concentration of IxlO’ particles m l’; and, 0.5 bar 
transmembrane pressure and a concentration of 1x10® particles ml ’ (Table 4.2). In 
addition to these experiments, a prolonged run was carried out for six hours in order 
to determine how close to the asymptotic value the flux is after a normal two hour 
experiment.
4.2.1 Results from the module experiments
All module experiments show a decline in flux from the clean water flux to an 
asymptotic flux. A typical time profile, at a transmembrane pressure of 0.5 bar, a 
concentration of IxlO’ particles m l’ and a Reynolds number of 7000, is presented in 
Figure 4.1a. In Figure 4.1b, a schematic of a typical time profile is presented, on 
which the period of initial flux decline (from which the initial rate of flux decline is 
calculated) and the final flux are highlighted. It has been shown that these are affected 
by altering the selected process parameters.
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The effect of the operating parameters on the initial rate of flux decline are presented 
in Figure 4.2. Figures 4.2a and 4.2b show that the initial rate of flux decline increases 
with transmembrane pressure and with concentration. However, Figure 4.2c shows that 
the initial rate of flux decline decreases with Reynolds number up to a value of 
approximately 7000 and then increases.
The prolonged experiment was carried out to determine whether an asymptote was 
reached after two hours. The experiment was carried out at a transmembrane pressure 
of 1.0 bar, a concentration of 1x10’ particles ml ’ and a Reynolds number of 6400 and 
was run for six hours instead of two hours as was usual for the other experiments. The 
results of this experiment are presented in Figure 4.3. After two hours, the flux had 
declined to a value of 43.5 1 m’^  hr"’ (±5%), which is 7% of the initial value. Over 
the next four hours, the flux continued to decrease very slowly to final value of 31.0 
1 m"^  hr"’ (± 5%), which is 5% of the initial value. It is clear from these results that 
although the final asymptotic flux wül not be reached until at least six hours, further 
decline in flux after two hours is so small that it would be practical to consider the 
final fluxes after two hours to be a good approximation of the asymptotic value.
The effect of the operating parameters on the final flux is presented in Figure 4.4. 
Figure 4.4a shows that the final flux is independent of transmembrane pressure. Figure 
4.4b shows that the final flux decreases as the concentration increases while Figure 
4.4c shows that final flux increases with Reynolds number up to a value of 6000 and 
is then independent; this figure also confirms that the final flux is independent of
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transmembrane pressure, and decreases with concentration.
4.2.2. Fitting of the experimental data to the constant pressure blocking laws
In Section 2.3.2., it was highlighted that the constant pressure blocking laws’® have 
been used by a number of researchers to describe the flux decline in the crossflow 
filtration of particulate suspensions®’’®^’®^’®® (Appendix A). The complete blocking law, 
the intermediate blocking law and the cake filtration law have been fitted to the 
experimental data presented above using a normalised least squares fit; each of the 
models can be expressed as a function of time, so an analytical solution is possible. 
For each of the models, there were two parameters which could be manipulated: the 
initial flux and the constant pressure blocking law constant. In aU cases, the initial flux 
has been assumed to be equal to the clean water flux, so only the constant pressure 
blocking law constant has been used to fit the model to the experimental data. This 
constant is related to the rate of fouling, as dictated by the fouling mechanism 
assumed in the specific model.
The complete blocking law is based on the assumption that when a particle reaches 
the membrane surface, it will seal a pore and not superimpose on another particle. A 
typical fit for this model to the experimental data is presented in Figure 4.5; this fit 
is unsatisfactory.
The intermediate blocking law is based on the assumption that when a particle reaches 
the membrane surface, it will either seal a pore or superimpose on another particle.
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A  typical fit of this model to the experimental data is presented in Figure 4.6; this fit 
is satisfactory. The variation of Ki with the process parameters under consideration 
is presented in Figure 4.7. Figures 4.7a and 4.7c show that Ki is independent of 
transmembrane pressure and Reynolds number. However Figure 4.7b shows that Ki 
increases with concentration.
Finally, the cake filtration law, which is based on the assumption that a cake forms 
on the membrane and this is not pore related, has been fitted to the experimental data. 
A typical fit of this model to the experimental data is presented in Figure 4.8; again, 
this fit is satisfactory. The variation of Kc with the process parameters under 
consideration is presented in Figure 4.9. Figures 4.9a and 4.9c show that the cake 
filtration constant, Kc, is also independent of transmembrane pressure and Reynolds 
number, while Figure 4.9b shows that Kc increases proportionally with concentration.
4.2.3. Discussion of the module results
Vinyl Acetate particles were used in these experiments as a model for yeast. The size 
distribution of the Vinyl Acetate particles was such that 90% were between 1.32pm 
and 4.9pm; the mean particle diameter was 2.62pm; the size distribution, supplied by 
Rhone Poulenc, is presented in Figure 3.10. These particles are of the same order of 
magnitude as Saccharomyces cerevisiae, which is sized between 2.5pm and 6.5pm’’®. 
Latex particles were used as they have a consistent size distribution and no 
extracellular material associated with it that will affect the filtration®’’. The latex 
particles are spherical whereas Saccharomyces cerevisiae tends to be obloid. However,
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shape differences will have no direct impact on these experiments; the only effect that 
this will have is on the interpretation of the results to account for Saccharomyces 
cerevisiae. As such, it may be concluded that latex particles are a reasonable model 
system for yeast.
The particle concentrations which were used for these experiments were based on 
typical particle concentrations observed at the end of a fermentation”®. The operating 
parameters of temperature, pH and ionic strength were not altered during these studies, 
although it is accepted that each of these parameters will have an effect on process 
performance, they were kept constant because, in reality, they are likely to be 
determined by the nature of the fermentation broth and are unlikely to be able to be 
manipulated. The reasons for the values selected for these parameters is presented in 
Section 3.7.
The initial rate of flux decline and the final flux have been used to compare the effects 
of the selected process parameters on crossflow filtration as they are related to 
membrane fouling. The decline of flux from the clean water value to a lower value 
is as a direct result of membrane fouling. It has been shown that flux declines rapidly 
at the start of the experiment. Therefore, it may be concluded that this is due to the 
rapid fouling of the clean membrane, which is a direct consequence of the flow of the 
suspension towards the clean membrane. This fouling on the membrane surface 
decreases the flow rate through the membrane, thus decreasing the rate of fouling. 
Therefore, the initial rate of fouling can be considered to be the maximum rate of
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membrane fouling under specified set process conditions. It has also been shown that 
the flux decreases towards an asymptotic value. A good approximation of this value 
is the flux after 2 hours, which has been referred to as the "final flux". As the flux 
does not decrease past this value, it may be concluded that the fouling does not 
increase further. Therefore, the final flux is an indication of the maximum extent of 
fouling under specified set process conditions.
Figure 4.2a shows that the initial rate of flux decline at the start of an experiment 
increases with transmembrane pressure; an increase in the rate of fouling with 
transmembrane pressure has been reported by other workers®’ ®^. This increase in the 
rate of fouling happens as the driving force for filtration increases with transmembrane 
pressure, thus pushing more particles to the membrane surface. It has also been shown 
that the final flux was independent of transmembrane pressure (Figure 4.4a); this is 
corroborated by other studies®®’®”. However, the clean water experiments have shown 
that flux was directly proportional to the transmembrane pressure (Figure B.la). 
Therefore, with no membrane fouling, the final flux should increase proportionally 
with transmembrane pressure; clearly this is not the case. The only explanation for this 
result is that the extent of fouling must also increase with transmembrane pressure thus 
negating any potential increase in flux. Indeed, as the final flux appears to be 
independent of this process parameter, it may be concluded that the extent of fouling 
increases proportionally with transmembrane pressure. It should further be noted that 
when transmembrane pressure varies, the final flux is not directly related to the extent 
of fouling.
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The experimental results have shown that the initial rate of flux decline increased with 
particle concentration (Figure 4.2b), while the final flux decreased with particle 
concentration (Figure 4.4b). From this it may be concluded that the initial rate of 
fouling and the extent of fouling both increased with particle concentration, which 
agrees with studies carried out by other workers®’*®”’®’. The increase in the rate and 
extent of fouling is because of the increased number of particles that reach the 
membrane surface for a given filtration driving force.
The experimental results have shown that the initial rate of flux decline decreases up 
to a Reynolds number of 7000 and subsequently increases while the final flux 
increases to a Reynolds number of 7000 and then remains constant. This suggests that 
both the rate and extent of fouling decrease up to a Reynolds number of 7000, above 
which, however, the rate of fouling increases but the extent of fouling remains 
constant. Increasing the Reynolds number in this system is carried out by increasing 
the mass flow rate which causes an increase in the crossflow velocity. This results in 
two conflicting mechanisms, as the rate at which particles are brought to the 
membrane surface increases with mass flow rate, while the rate of back scouring of 
particles away from the membrane surface increases due to the higher turbulence. 
These results show that as Reynolds number increases to 7000, the rate of back 
scouring must increase faster than the rate of fouling. Above 7000, the rate of fouling 
continues to increase with Reynolds number, due to the increased mass flow rate. 
However, there is less scouring due to the turbulence induced by the increased 
crossflow velocity, especially at the start of an experiment, resulting in a greater initial
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rate of fouling, and a constant extent of fouling. Increasing the Reynolds number has 
generally shown to increase the flux during crossflow filtration®”®’®*, although one 
study found that increasing the Reynolds number resulted in a decrease in the flux’”.
Both the intermediate blocking law and the cake filtration law show a satisfactory fit 
to the experimental data. The review of the literature shows that the standard blocking 
law®'’, the complete blocking law®® and the cake filtration law®’’®® have all been used 
to describe the crossflow filtration of particulate suspensions. Of these studies, only 
one has used a visualisation technique to confirm the mechanism assumed by the 
blocking law®’; indeed, use of the standard blocking law to describe fouling in a 
system with a pore size which is smaller than the particle size®'’ is in direct 
contradiction with the assumed fouling mechanism, which is fouling within the pores; 
this is the reason why the standard blocking law has not been considered for these 
experiments. The constant pressure blocking laws are based on the assumption of dead 
end filtration’® and do not take into consideration the effect of the flux enhancement 
due to tangential flow; amendments have been made to these models empirically®’ and 
to account for the removal of particles from the membrane® .^ However, without the 
visual confirmation of the fouling mechanism, these results are based solely on a 
model fitting exercise.
The constant pressure blocking law constants can be related to membrane fouling. The 
complete blocking law constant, Kb, is equal to the rate of filter blockage per unit 
volume (o (m ’)), multiplied by the initial flux. However, as this cannot describe the
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flux decline data in this chapter, it may be deduced that the fouling mechanism 
assumed by this model is not relevant for this system. For the intermediate blocking 
law, the rate of filter blockage per volume of filtrate (a (m‘^ )) is equal to the 
intermediate blocking law constant, Ki, multiplied by the membrane area. Therefore, 
as the membrane area is constant for all of these experiments, a, varies with the 
process parameters in the same way as Ki (Figure 4.7). This indicates that the rate of 
fouling is independent of transmembrane pressure and Reynolds number, but increases 
with concentration. This corroborates the experimental results for concentration; the 
errors inherent in the fitting exercise means that the expected trend with Reynolds 
number cannot be identified. The apparent contradiction between these results for 
transmembrane pressure and the experimental findings for the initial rate of flux 
decline is because a  is the rate of filter blockage per unit volume of filtrate. As 
transmembrane pressure increases, the volume of filtrate also increases, due to the 
higher initial flux. Therefore, the increase in the rate of fouling per unit volume with 
transmembrane pressure is smaller than the increase in the rate of fouling with time.
The cake specific resistance (a  (m kg ’)), is related to the cake filtration law constant, 
Kc, as shown in Equation 4.1, where p (kg m^) is an arbitrary constant, m (-) is the 
mass ratio of wet to dry cake, Qq (m^  s ’) is the initial flow rate through the membrane
and s (dimensionless) is the mass fraction of solids in the slurry. As the relationship
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between Kc and a  is not dependent on Reynolds number, the trend between Reynolds 
number and a  is the same as the trend shown in Figure 4.9c. As Kc is a function of 
Qo and s, the relationship between Kc and a  is dependent on transmembrane pressure 
and concentration. Therefore the specific variation of a  with concentration and 
transmembrane pressure is presented in Figures 4.10a and 4.10b respectively. These
show that a  increases with transmembrane pressure. The experimental data indicates 
that the extent of fouling increases with transmembrane pressure; however, the final 
flux remains constant due to the increased driving force for filtration. These data 
indicate that the specific resistance of the fouling layer also increases with 
transmembrane pressure, and this must also be couteracted by the increased driving 
force for filtration. Figure 4.10b shows that the specific cake resistance decreases with 
concentration. It has been shown that the extent of fouling increases with 
concentration. Therefore, this would seem to indicate that when fewer paiticles foul 
the membrane, the effect of each of these particles is greater than when the membrane 
coverage is more extensive.
Although both the intermediate blocking law and the cake filtration law fit the 
experimental data satisfactorily for the two hour experiments, both models predict that 
the flux should fall to zero as the time increases. A dead end filtration module 
experiment, conducted at a transmembrane pressure of 0.5 bar and a concentration of 
1 X 10’ p ml ’, shows little difference with the crossflow filtration experiments over 
the first part of the process (Figure 4.11). However, the prolonged crossflow filtration 
experiment showed that the flux decreased towards an asymptote, whereas the dead
56
The Model Particulate System
end filtration continued to decrease towards zero, as predicted by the dead end 
filtration models. Therefor^^th of these models have been fitted to the prolonged 
crossflow experiment (Figure 4.12); neither of these fits are satisfactory. This is 
because neither model can account for the enhancement in flux caused by the scouring 
of particles away from the membrane surface.
4.2.4. Conclusions from the module experiments
It has been demonstrated that the initial rate of membrane fouling increases with 
concentration and transmembrane pressure, but decreases with Reynolds number up 
to a value of 7000, after which point it increases with Reynolds number. The extent 
of the fouling increases with transmembrane pressure and concentration, but decreases 
with Reynolds number up to a value of 7000, after which point it remains constant 
with Reynolds number. Both the intermediate blocking law and the cake filtration law 
can be fitted satisfactorily to the experimental data and the parameter values for these 
models have been compared to the experimental results, and are consistent with the 
experimental findings. However, neither model can fit the experimental data from the 
prolonged experiment, as neither accounts for the enhancement in flux caused by the 
scouring of particles from the membrane. Nevertheless, either of these models can be 
fitted to the initial part of the data, which is similar to the data from a dead end 
filtration experiment, before the scouring becomes significant.
4.3. Coupon Experiments
The module experiments demonstrated that there is a decrease in flux during crossflow
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filtration due to membrane fouling. However, it is not possible to identify the fouling 
mechanism for a particle suspension from the flux data alone; it is necessary to look 
at the fouling layer as it is being built up. To achieve this, filter coupons have been 
made, in order to produce data which will be used in conjunction with the module 
results to determine the fouling mechanism in dead end mode and crossflow mode 
(Section 3.5 and Figure 3.6). After suitable treatment, these coupons can be examined 
using a Scanning Electron Microscope. By carrying out filtration runs for different 
durations under the same conditions, a profile can be built up showing the extent of 
fouling at different times. This section will consider the results obtained for these 
experiments, and compare these findings with the constant pressure blocking laws and 
the module experiments, ultimately to propose a mechanism for fouling during the 
crossflow filtration of a model particulate system.
4.3.1. Results from the coupon experiments
Initially, a prolonged experiment was carried out in dead end mode for two hours at 
a concentration of 1x10’ particles ml ' and a transmembrane pressure of 1.0 bar. SEM 
photographs of the resultant fouling layer are presented in Figure 4.13. From this, it 
can be seen that a flat, multilayered cake is formed after two hours of filtration. From 
Figure 4.13a, it can be seen that there is an even spread of the particles and Figures 
4.13b and 4.13c show that the cake is approximately 55pm in depth.
Two time profile experiments were carried out in dead end mode, both with a 
concentration of 1x10’ particles ml ', one with a transmembrane pressure of 1.0 bar,
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the second at 1.5 bar. The extent of fouling after 4, 10 and 25 minutes at a 
transmembrane pressure of 1.0 bar are presented in Figure 4.14 (Data from the 
experiment carried out at 1.5 bar is not presented). After 4 minutes (Figure 4.14a), 
membrane fouling is observed as clumps of Vinyl Acetate particles distributed across 
the membrane surface. By 10 minutes (Figure 4.14b), a full fouling layer has been 
formed: this layer is flat, as all of the particles on the membrane are in focus. After 
25 minutes (Figure 4.14c), the fouling layer is approximately five layers deep and flat.
Time profile experiments were carried out in crossflow mode at a concentration of 
1x10’ particles ml ' and 1.0 bar transmembrane pressure, at a concentration of IxlO’ 
particles ml' and 0.5 bar transmembrane pressure and at a concentration of 1x10  ^
particles ml ' and 1.0 bar transmembrane pressure. Data from one of these time 
profiles (1.0 bar transmembrane pressure and concentration 1x10® particles ml ') are 
presented in Figure 4.15. After 3 minutes, fouling is taking place in locahsed clumps 
on the membrane surface. After 10 minutes (Figure 4.15b), and subsequently after 40 
minutes (Figure 4.15c), there is no apparent increase in fouling and less than a 
monolayer is formed on the membrane.
In Figure 4.16, pictures from the time profile carried out at a transmembrane pressure 
of 0.5 bar and a concentration of 1 x 10’ particles ml ' are presented; these pictures 
show the fouling layer at greater magnification than those presented in Figure 4.15. 
In both pictures, a film appears to be associated with the particulate fouling, both over 
the particles which form the fouling layer, and on the membrane surface.
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4.3.2. Discussion of the coupon results
Although this study is concerned the identification of the fouling mechanism during 
crossflow filtration, dead end filtration studies have been carried out to directly see the 
impact that the crossflow velocity has on the fouling of the membrane surface. Figure 
4.14a shows that before a full fouling layer was formed in dead end filtration, particles 
formed localised clumps on the membrane surface. This implies that the resistance to 
flow due to the membrane is lower at some places than at others, which leads to areas 
of high flux. This is corroborated by Fane et af^, who showed that Escherichia Coli 
particles form in small clumps on the membrane due to shear-induced aggregates; the 
position of these being due to the random surface structure of the membrane causing 
areas of localised high flux^ .^ The side view of the membrane (Figure 3.1b) shows that 
this is likely to be the case; the membrane is approximately 10pm in thickness and the 
pores form tortuous random paths passing through the membrane into the porous 
carbon support. The areas of higher flux foul first; once these areas have fouled, the
resistance to fouling increases locally, so fouling takes place on the clean membrane 
in preference to those areas of the membrane that had been fouled already. Therefore, 
the fouling cake on the membrane is built up layer by layer, and subsequent fouling 
layers are not started until the previous layer has been completed.
The results from the dead end filtration time profile experiment carried at a 
transmembrane pressure of 1.5 bar was similar to those carried out at a transmembrane 
pressure of 1.0 bar, except that the particles were laid down more quickly (Data not 
shown). This is because the transmembrane pressure is the driving force for filtration.
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Therefore, as transmembrane pressure increases, more particles are pushed to the 
membrane surface by the increased driving force.
In all of the crossflow filtration runs, there was noticeably less particle fouling than 
expected. It is probable that the experimental procedure employed at the end of these 
coupon experiments resulted in a significant proportion of the fouling layer being 
resuspended. As such, these data are only indicative of the relative extent of 
membrane fouling at different conditions after different times and not the actual 
coverage expected.
Figure 4.15a, for crossflow filtration, shows that fouling initially occurs by forming 
small clumps on the membrane; this is because of the localised high fluxes which 
were also seen in dead end mode. Figure 4.15b shows clearly that there is a partial 
monolayer of particles on the membrane surface, as it is starting to detach because of 
the drying. After 40 minutes (Figure 4.15c), it can be seen that the amount of fouling 
is approximately the same as after 3 minutes (Figure 4.15a). These results suggest that 
once a partial monolayer has been rapidly deposited on the membrane surface, the rate 
of increase in the extent of fouling is greatly reduced. As it is unlikely that the fouling 
layer remains stagnant, it is proposed that the rate of particle deposition onto the 
membrane surface is in equilibrium with the rate of particle removal from the 
membrane due to the shear induced by the tangential flow. This is in agreement with 
work conducted by other researchers’ *^’'^ , which assumed shear-induced removal of 
particles from the membrane as the explanation of the flux paradox'^ for particles
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larger than 1pm, but smaller than 20pm” .
Other researchers who have conducted visual studies on membrane fouling have 
shown a full fouling layer to be E. Coli formed rapidly, at a transmembrane pressure 
of 1.0 b a^ \ However, the differences in membrane sizes used, the voidages of latex 
particles and E. as well as the presence of extracellular material makes direct
comparison difficult. Time profiles of yeast cake build up at different transmembrane 
pressures have also been carried out using a light microscope*'*®; these showed that at 
a transmembrane pressure of 0.5 bar, the cake did not completely cover the membrane, 
up to 140 minutes. However, this was due to the gradual build up of a monolayer*'*® 
rather than the rapid initial fouhng followed by steady-state suggested by the results 
presented in this dissertation.
A comparison between the experiments in dead end mode and crossflow mode shows 
that the initial fouling seems to be the same; Figure 4.14a (dead end mode) and Figure 
4.15a (crossflow mode) show similar amounts of coverage of the membrane. However, 
a direct comparison of the extent of fouling at this time is difficult due to the 
problems seen with these coupon experiments. Despite this, it can be seen that after 
an initial rapid increase in the size of the fouling layer, the membrane coverage in 
crossflow mode remains constant, whereas in dead end mode, the amount of 
membrane coverage continues to increase; it is this difference between the dead end 
and crossflow modes which is responsible for the enhancement in flux in crossflow 
filtration.
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The dead end filtration experiments showed that a flat, multilayered cake was formed 
on the membrane, which is not directly related to the pores of the membrane. If pore 
sealing was occurring, which is the mechanism assumed in the complete blocking law 
and the intermediate blocking law, the membrane would be completely blocked after 
the first layer had been laid down. Therefore, flow towards the membrane would not 
be possible and further fouling layers would not form on the membrane. This is not 
the case for these experiments so these models can be disregarded for this system; the 
coupons show that fouling is taking place due to cake formation on the membrane 
surface.
The constant pressure blocking laws are based on the assumption of dead end 
filtration*^ (Appendix A). Therefore, these models are unable to directly account for 
the effect that the tangential flow has on the membrane fouling. However, the 
similarity in the initial membrane fouling between dead end filtration (Figure 4.14a) 
and crossflow filtration (Figure 4.15a) suggests that this period of membrane fouling 
can be described by dead end filtration theory. This finding is corroborated by the 
work of other researchers®*.
Figure 4.16 shows a close up of the surface of the fouling layer and the membrane. 
A film can clearly be seen over the particles and over the membrane surface. It is not 
known why this film forms, but as the suspension being filtered was made up using 
filtered tap water, it must be assumed that this film occurs because of the particles 
used, and is not considered to be a real fouling phenomena.
63
The Model Particulate System
4.3.3. Conclusions from the coupon experiments
From the coupon runs, it may be concluded that the initial fouling mechanisms are the 
same for the dead end filtration and the crossflow filtration of a particulate suspension. 
For dead end filtration, the mechanism was seen to be that of cake formation; none 
of the other constant pressure blocking laws could be applied to the fouling seen. For 
crossflow filtration, after initial rapid partial cake formation, there was no further 
increase in fouling on the membrane, due to an equilibrium being formed between the 
rate of particle deposition onto the membrane surface, and the rate of removal from 
the membrane by scouring.
4.4. Comparison of the Module and Coupon Experiments
A filter cake is formed by the deposition of particles onto the membrane surface; this 
fouling is not specifically related to the pores on the membrane surface. Therefore, as 
transmembrane pressure and concentration increase, it may be expected that the rate 
of buüd up of the filter cake increases, as more particles are deposited onto the 
membrane surface; this is corroborated by the results from the module experiments. 
Also, increasing the Reynolds number will increase the rate at which particles are 
brought into contact with the cake layer, while also increasing the rate of scouring 
away from the cake layer; this is again corroborated by the module results.
The module experiments showed that the parameters from the intermediate blocking 
law and the cake filtration law agreed with the observed fouling during the crossflow 
filtration of Vinyl Acetate particles; also, both models could be satisfactorily fitted to
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the experimental data for a two hour run, although neither could be fitted satisfactorily 
to the prolonged experiment. The coupon experiments showed that the cake formation 
law, which is based on the assumption of dead end filtration, can be used to describe 
the fouling mechanism during the initial stages of crossflow filtration; this similarity 
between the early stages of dead end filtration and crossflow filtration was also seen 
in the module experiments. After this period, an equihbrium is formed between 
particles being deposited onto the membrane surface, and those being removed due to 
the effects of the tangential flow. Therefore, an adaption of the cake filtration law to 
account for the flux enhancement due to this equilibrium will be made.
4.4.1. Adaption of cake filtration model based on the coupon experiments
Previously (Chapter 2), it has been shown that adaptions to the constant pressure 
blocking laws have been used to account for the flux enhancement in crossflow 
filtration®*’®^. These modifications have been made empirically®*, or to account for a 
critical flux, below which fouling will not take place®^ . In this case, the flux 
enhancement term is used to differentiate the experiments carried out in crossflow 
mode from those in dead end mode.
m— (2)
An analytical expression for the adapted cake filtration law is shown by Equation 4.2, 
where Jj is the final flux enhancement due to the tangential velocity. This is the only 
amendment which has been made to the cake filtration law shown in Appendix A.
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A fit of this model to the prolonged experimental data is presented in Figure 4.17; this 
fit is satisfactory. The model has been fitted to the experimental data using a 
normalised least squares fit. Two parameters have been used to fit the model to the 
data: Jj and Kc. In this case, Jj does not correspond to the value which has been 
considered to be the final flux in these experiments, but to a value below which the 
flux will not fall further. In this way, this is similar to the critical flux concept® ,^ or 
the surface removal model®*'*” .
The variation of Jj with the process parameters is presented in Figure 4.18. This 
shows that Jj is independent of transmembrane pressure and concentration, but 
increases with Reynolds number. The enhancement in flux is due to the equilibrium 
formed between the deposition of particles onto the membrane and the removal of 
particles from the membrane. This is the due to the tangential nature of the feed, 
which is a function of Reynolds number only. Therefore, it is expected that the flux 
enhancement should be independent of transmembrane pressure and particle 
concentration, which is the case.
The relationship between the specific cake resistance (a), which has been calculated 
from the fitted value of Kc and transmembrane pressure is presented in Figure 4.19a. 
This shows that the cake specific resistance increases with transmembrane pressure 
which is consistent with the experimental data. The relationship between a  and particle 
concentration is presented in Figure 4.19b. This shows that the cake specific resistance 
decreases as concentration increases. This is the same relationship as was seen with
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fitting the original cake filtration law, and implies that when there is less particulate 
fouling, each particle has a greater effect on the fouling. The coupon results showed 
that particles fouled in clumps on the membrane, particles landing on the membrane 
overlap with those there already; therefore, these results are consistent. Figure 4.19c 
shows that Kc is independent of Reynolds number, due to the errors inherent with the 
fitting exercise. Therefore, this model, which has been based on the findings from the 
coupon experiments, can be used to describe the flux dechne due to fouling in the 
module experiments.
4.5. Conclusions from the Model Particulate System
Vinyl Acetate particles have been used as a model system for yeast particles. The 
module experiments have shown that the initial rate of membrane fouling is 
independent of Reynolds number, but increases with transmembrane pressure and 
concentration; the extent of fouling is also independent of Reynolds number, but 
increases with transmembrane pressure and concentration. Both the intermediate 
blocking law and the cake filtration law show a satisfactory fit to the experimental 
data for a two hour experiment; however, neither showed a satisfactory fit to the 
prolonged experiment.
The coupon experiments have shown that the fouling mechanism for the crossflow 
filtration of a particulate suspension is initially the same as that in dead end mode; this 
was shown to be cake formation. After the rapid formation of a partial cake layer in 
crossflow filtration, there is no further increase in fouling on the membrane due to an
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equilibrium being formed between particles being deposited on the membrane, and 
those being removed from the membrane by the effects of the tangential flow.
The cake filtration law has been adapted to account for the flux enhancement due to 
the tangential nature of the feed. This shows a satisfactory fit to the flux data from the 
prolonged experiment. By comparing the fitted parameters, it has been shown that 
these agree with the experimental findings, and that flux enhancement increases as the 
turbulence in the system increases, but is independent of transmembrane pressure and 
concentration.
Finally, it can be concluded that the fouling mechanism for the particle suspension is 
due to a rapidly formed cake, as with dead end filtration; this was seen with both the 
module and the coupon experiments. Particles are then removed from the cake, and 
this rate of removal eventually forms an equihbrium with the rate of deposition of 
particles onto the cake.
CHAPTER 5 
THE MODEL MACROMOLECULAR SYSTEM
5.1. Introduction
In the previous chapter, it was concluded that the fouling mechanism for the crossflow 
filtration of a model particulate system was initially the same as that in dead end 
filtration; i.e., the formation of a cake on the membrane surface. However, flux 
enhancement due to the tangential nature of the feed results in a partial fouling layer 
being deposited as opposed to the multilayered cake seen in dead end filtration. A real 
fermentation broth consists of a particulate suspension in a macromolecular solution. 
Therefore, this chapter will attempt to identify the fouling mechanism for a model 
macromolecular system. These results along with those from Chapter 4 will be used 
to propose a fouhng mechanism for the model fermentation broth, which will be 
presented in Section 6.2. In Chapter 6 the actual fouhng mechanism for the model 
fermentation broth will be determined. This will then be compared to the predicted 
fouhng mechanism, also in. Chapter 6.
In this chapter, the investigation of the fouhng mechanism of a macromolecular 
solution will be presented. As for the particulate system, experiments have been 
carried out with filter modules, to generate quantitative data for the decrease in flux 
due to fouling^ and filter coupons, which have been used to visualise the resultant 
fouhng. These module results are again analysed by considering the effects of the 
specific process parameters on the initial rate of flux dechne and the final flux. In this
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system, the effect of the process parameters on the filtrate concentration will also be 
considered. The experimental data will then be fitted to the constant pressure blocking 
laws (Appendix A) by optimising the mechanistic parameters. This data, along with 
the qualitative data from the coupon experiments wül be used to propose a mechanism 
for membrane fouling by Bovine Serum Albumin (BSA).
5.2. Module Experiments
Experiments were carried out to investigate the effects of specific process parameters 
on the crossflow filtration of an aqueous BSA solution; these were transmembrane 
pressure, feed concentration and Reynolds number. As previously, other process 
parameters that may have an effect on membrane fouling (such as temperature, pH and 
ionic strength) have been kept constant through all of the experiments (Section 3.7).
Experiments were conducted for two hours at five different transmembrane pressures 
from 0.2 to 1.0 bar, at five different concentrations from 0.5 to 2 g 1' at a Reynolds 
number of 5300 (Table 5.1). Experiments were also conducted for two hours at six 
different Reynolds numbers from 4000 to 10000 at three different sets of conditions; 
0.5 bar transmembrane pressure and a concentration of 0.7 g 1'; 1.0 bar 
transmembrane pressure and a concentration of 0.7 g 1'; 0.5 bar transmembrane 
pressure and a concentration of 1.5 g 1' (Table 5.2). A final set of experiments, at four 
different transmembrane pressures, concentrations and Reynolds numbers has also 
been carried out (Table 5.3).
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Experiments carried out at a Reynolds Number of 5300
Transmembrane Pressure (bar)
0.2 0.3 0.5 0.7 1.0
S 0.5 
1 ^  0.7 
c  ^  1.0 
onS9 1.5 
§ ZO
/  /  /  /  /  
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Table 5.1 Experiments carried out at a constant Reynolds number
Ptm. 0.5 bar Cone. 0.7 g r‘ Ptm. 1.0 bar Cone. 0.7 g 1‘‘Ptm. 0.5 bar Cone. 1.5 g 1"'
'-2 'F  4000 1 ^  6000 :z: .o 7000 
2  1 8000 § 1 9000 100000£!
✓✓✓✓✓✓
✓✓✓✓✓✓
✓yyyyy
Table 5.2 Experiments carried out to determine the effect o f Reynolds number
Transmembrane Pressure (bar)
BSA Conc. 1.0 g r*Re 8000
0.20.50.71,0
BSA Concentration
0.5 bar
Rejmolds Number (dimensionless)
Ptm.BSA Cone. 0.5 bar 1.0 g r*
10000
Table 5.3 Final set o f Macromolecular Experiments
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In addition to the experiments outlined above, a prolonged experiment was conducted 
for six and a half hours. This was carried out to confirm whether an asymptote was 
formed after two hours or the flux continued to decrease at the end of a normal two 
hour experiment.
5.2.1 Results from the module experiments
All module experiments show a decline in flux from the clean water flux to an 
asymptotic flux. A typical flux decline curve for the data obtained at a transmembrane 
pressure of 0.5 bar, a concentration of 0.7 g 1' and a Reynolds number of 8000 is 
presented in Figure 5.1a. It is clear that this flux decline curve is similar to that 
obtained for the model particulate system (Figure 4.1a). In Figure 5.1b, a typical 
filtrate concentration curve is presented for the conditions outlined above.
The effect of the operating parameters on the initial rate of flux decline is presented 
in Figure 5.2. Figure 5.2a shows that the initial rate of flux decline increases with 
transmembrane pressure. However, Figure 5.2b shows that the initial rate of flux 
decline is independent of macromolecular concentration. Figure 5.2c shows that the 
initial rate of flux decline decreases up to a Reynolds number of 7000, after which it 
increases.
The prolonged experiment was conducted to determine whether an asymptote was 
formed after two hours, or whether the flux continued to fall. The experiment was 
carried out at a transmembrane pressure of 0.5 bar, a concentration of 1.0 g 1' and a
72
The Model Macromolecular System
Reynolds number of 8000 and was run for six and a half hours instead of two hours 
as was usual for the other experiments; the results of this experiment are presented in 
Figure 5.3. After 2 hours, the flux had decreased to a value of 97.5 1 m'  ^hr ' (±5%), 
which is 27% of the initial value. Over the next four and a half hours the flux 
continued to decrease very slowly to a flnal value of 76.5 1 m^ hr ' (± 5%), which is 
22% of the initial value. As with the model particulate system, it is clear from these 
results that the flnal asymptotic flux will not be reached after two hours. However, as 
the subsequent decline is small, it seems practical to consider the final fluxes after two 
hours to be representative of the flnal asymptotic value.
The effect of the operating parameters on the flnal flux are presented in Figure 5.4. 
Figure 5.4a shows that the flnal flux increases with transmembrane pressure up to a 
value of 0.5 bar, after which it is independent of transmembrane pressure, while 
Figure 5.4b shows that the flnal flux is independent of concentration over the whole 
range investigated. However, Figure 5.4c shows that the final flux increases with 
Reynolds number up to a value of 8000 and then decreases.
Data for filtrate concentration against time is presented in Figure 5.5. In Figure 5.5a 
filtrate concentration against time for the transmembrane pressures of 0.2, 0.5, 0.7 and 
1.0 bar at a concentration of 1.0 g 1' and a Reynolds number of 8000 is presented. 
This shows that the rate of decrease of filtrate concentration increases with 
transmembrane pressure, whereas the flnal concentration decreases. Filtrate 
concentration against time for concentrations of 0.5, 0.7, 1.0 and 1.5 g 1' at a
73
The Model Macromolecular System
transmembrane pressure of 0.5 bar and a Reynolds number of 8000 are presented in 
Figure 5.5b. Throughout the experiment, more protein passes into the filtrate at higher 
concentration; the rate of concentration decline and the final concentration increases 
with feed concentration; however /the ratio of the final concentration to the feed 
concentration remains constant at approximately 0.6 (± 0.05). In Figure 5.5c filtrate 
concentration against time for Reynolds numbers of 4000, 6000, 8000, and 10000 at 
a transmembrane pressure of 0.5 bar and a concentration of 1.0 g 1' is presented. This 
shows that the rate of decrease in concentration increases with Reynolds number. 
However, the final filtrate concentration appears to be independent of Reynolds 
number up to a value of 8000, but drops at a Reynolds number of 10000.
5.2.2 Discussion of the module results
As previously (Section 4.2.3) the initial rate of flux decline is used to represent the 
initial rate of fouhng and, for series of experiments carried out at constant 
transmembrane pressure, the final flux is used to represent the extent of fouling. For 
the macromolecular system, the selected process parameters also affect the filtrate 
concentration. As BSA molecules are much smaller than the nominal pore size of the 
membrane, it may be concluded that rejection of protein is due to the formation of a 
fouling layer which inhibits the passage of macromolecules into the filtrate. In this 
case the final concentration may also be representative of the extent of fouling, and 
the rate of decrease of concentration may be representative of the rate of membrane 
fouhng.
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BSA has been used in these studies as a model for the macromolecules typically found 
in fermentation broths and culture media. BSA has been reported to have a molecular 
weight of between 66 000 and 69 000 Daltons and has dimensions of 11.6 x 2.7 x 2.7 
nm as a monomer^’"^®'*°°'*^ '*. The size range of proteins at the end of a typical 
fermentation broth is 40 000 to 120 000 Daltons*” . This means that BSA is within the 
range of macromolecules that are found at the end of a typical yeast fermentation; the 
effect of the macromolecular size distribution has not been considered in this work. 
BSA is a well defined protein and has been used for many crossflow filtration 
studies” ’*®'*’***^'**®'*^'*’*®**’*®*’*®®’*®**. Therefore, it is well suited for use as a model 
macromolecular solution.
It is expected that the initial filtrate concentration would be the same as the feed 
concentration. However, in some cases, this concentration is much lower than 
expected. This is due to the filtrate side of the module being primed with water before 
the experiment starts resulting in the first filtrate sample being diluted , thus 
reducing the apparent concentration. Therefore, the time lag from the membrane to the 
sample point can be seen to be about five minutes at the start of the experiment, for 
a transmembrane pressure of 0.5 bar (Figure 5.5b and c); the length of this time lag 
decreases with transmembrane pressure as this increases the initial flux. Therefore, the 
concentrations measured can be considered to be representative of the filtrate as it 
passes through the membrane, with a small time lag.
Figure 5.2a shows the relationship between the initial rate of flux decline and
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transmembrane pressure. It can be seen from this figure that the initial rate of flux 
decline increases with transmembrane pressure. This indicates that the rate of fouling 
increases with transmembrane pressure. As with the model particulate system, this is 
due to the greater driving force for filtration bringing more solute to the membrane 
surface. The final flux increases from 0.2 bar to 0.5 bar, after which it remains 
constant. This is corroborated by other w o r k e r s w h o  have shown that in the 
crossflow filtration of protein solutions, the flux increases up to a threshold 
transmembrane pressure, after which there is no further increase in the flux. For these 
experiments, the threshold transmembrane pressure has been shown to be between 0.2 
bar and 0.5 bar.
It has been shown that the clean water flux increases proportionally with 
transmembrane pressure (Figure B.la). As with the model particulate system, the only 
explanation for the lack of further increase in the flux above the threshold 
transmembrane pressure is that the extent of fouling must have increased, thus 
counteracting the increased driving force. Up to the threshold transmembrane pressure, 
the flux increases, because of the increased driving force. As transmembrane pressure 
decreases, the rate of back diffusion becomes significant and the driving force for 
filtration is reduced.
A narrow range of macromolecular concentrations is used in these experiments, which 
is typical of a fermentation broth. However, this range is too narrow to show the 
expected trend with concentration polarisation theory (Appendix A) which predicts an
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exponential decrease in final flux with feed concentration'*.
Figure 5.1c shows that the initial rate of fouling decreases up to a Reynolds number 
of 7000, after which point it increases. As with the model particulate system, the 
Reynolds number is increased by increasing the mass flow rate which results in an 
increased crossflow velocity. Therefore, as the Reynolds number is increased, more 
material is brought into contact with the membrane, due to the increase in the mass 
flow rate, causing an increase in fouling. However, at the same time, defouling is 
taking place due to back diffusion of the protein into the bulk stream. These results 
show that up to a Reynolds number of 7000 - 8000, the rate of defouling increases 
more quickly than the rate of fouling. However, above these values, further increases 
in the Reynolds number increase the rate of fouling faster than the rate of defouling.
The extent of fouling also decreases up to a value 8000 and then increases. The 
increases of final flux with Reynolds number agrees with findings by other 
researchers®'^^’®®’*°'*, despite the associated increase dénaturation, which increases 
membrane fouling*®'*. Like the initial rate of fouling, the extent of fouling, of which 
the final flux is representative, is a result of an equilibrium developing between the 
rate of fouling and the rate of removal of material from the fouling layer (the rate of 
defouling). It is expected that increasing the Reynolds number will increase the 
turbulence in the system, which will decrease the thickness of the laminar sub-layer. 
Therefore, the concentration gradient between the membrane and the bulk will 
increase, which will in turn increase the diffusion of protein away from the membrane
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surface and decrease the extent of membrane fouling. However, the increased fouling 
due to the increased mass flow rate means that this is not the case over a Reynolds 
number of 8000.
At the start of this discussion, it was proposed that the final concentration may be 
representative of the extent of fouling, and the rate of decrease of concentration may 
be representative of the rate of membrane fouling. Comparing the filtrate concentration 
data with the flux decline data would seem to corroborate this assumption. The rate 
of concentration decrease increases and the final concentration decreases with 
transmembrane pressure (Figure 5.5a), which agrees with the fouling results which 
showed that both the initial rate of fouling and final fouling increase with 
transmembrane pressure.
In order to compare the filtrate concentrations at different feed concentrations, the data 
have been converted into filtrate rejection for these experiments; these are presented 
in Figure 5.6. Rejection is a measure of the proportion of the macromolecule which 
does not pass through into the filtrate. This clearly shows that the rate of increase of 
rejection and the extent of rejection are independent of feed concentration, which 
corroborates the data for the initial rate of flux decline and the final flux at different 
concentrations. The concentration results from the Reynolds number experiments 
(Figure 5.5c) shows that the rate of decrease of concentration is lowest at a Reynolds 
number of 6000, which is corroborated by the flux data. Therefore, the filtrate 
concentration results can provide useful confirmation of the deductions made from
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analysis of the decline in filtrate flux.
5.2.3. Fitting the experimental data to the constant pressure blocking laws
The constant pressure blocking laws have been widely used to describe the flux 
decline during the cross flow filtration of macromolecular systems*®’*®’®®’*^® *^® 
(Appendix A). These models have two parameters which can be manipulated, the 
initial flux and the constant pressure blocking law constant. As previously, the initial 
flux has been considered as being the clean water flux, and the models have been 
fitted to the experimental data by minimising a sum of errors squared function to 
obtain the optimal value for the constant pressure blocking law constant.
For these data, the complete blocking law and the standard blocking law have been 
fitted to the experimental data using a normalised least squares fit; both of the models 
are expressed as a function of time, so an analytical solution is possible. A typical fit 
of the complete blocking law to the experimental data is presented in Figure 5.7; this 
fit is unsatisfactory. A typical fit of the standard blocking law to the experimental data 
is presented in Figure 5.8; this fit is also unsatisfactory.
In Figure 5.9 log flux against time at a concentration of 1 g 1', a transmembrane 
pressure of 0.5 bar and a Reynolds number of 6000 is presented. It is clear from this 
figure that there are two regions of exponential flux decay: an initial period of rapid 
flux decline followed by a much longer period of gradual decay, the gradient being 
an order of magnitude lower than the initial rate; this is the case for all of the
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experiments with BSA and was not observed with the experimental results from the 
model particulate system. Linear regression has been used to calculate the gradient 
which is representative of the rate of flux decay and the intercept, which is 
representative of the initial flux for each period. These parameters have been shown 
to be independent of the selected process parameters (data not shown).
It is likely that the transition from the rapid decline to the more gradual decline 
indicates a change in the fouling mechanism. The time of the transition point has been 
plotted against the process parameters and this is presented in Figure 5.10. The 
transition point occurs earher as transmembrane pressure (Figure 5.10a, and 
corroborated by Figure 5.10c) and concentration (Figure 5.10b) increase, but it occurs 
later as Reynolds number increases (Figure 5.10c).
The models under consideration have been fitted to the experimental data before the 
transition point, by adjusting the constant pressure blocking law constant. A typical 
fit of the complete blocking law to this data is presented in Figure 5.11; this fit is 
satisfactory, A typical fit of the standard blocking law to this data is presented in 
Figure 5.12; this fit is also satisfactory. These models can also be fitted satisfactorily 
to the experimental data after the transition point (data not shown). The fact that these 
models can be fitted to either region of the experimental data independently, but not 
to the whole of the data would seem to confirm that there are two distinct regions of 
flux decline as the fitted parameters for the two regions are markedly different.
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It is possible to apply the complete blocking law to a protein system using 
concentration polarisation theory. As the membrane is not a monolayer the 
concentration of the protein will increases within the pores, causing the protein to 
come out of solution; experiments have shown the solubility concentration of BSA to 
be approximately 400 g 1'. The protein can then form large aggregates within the 
pores, which would seal the pores in the way described by the complete blocking law. 
The standard blocking law also assumes that fouling takes place within the pores, by 
decreasing the pore size of the membrane. Because the protein molecules must foul 
within the pores, the intermediate blocking law and the cake formation law, which do 
not allow material to pass into the pores can be discounted for this system.
5.2.5. Conclusions from the module experiments
It has been demonstrated that the initial rate of membrane fouhng increases with 
transmembrane pressure, is independent of concentration, but decreases with Reynolds 
number up to a value of 7000, after which point it increases. The extent of the fouling 
also increases with transmembrane pressure, is independent of concentration, but 
decreases with Reynolds number up to a value of 8000, after which point it remains 
constant. Neither the complete blocking law nor the standard blocking law can be 
fitted satisfactorily to the experimental data.
These experiments have shown that there is a transition point in the flux dechne data, 
suggesting that fouhng during the crossflow filtration of BSA is due to more that one 
mechanism. The transition point occurs earher with higher transmembrane pressure
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and concentration and lower Reynolds number. Both regions of the flux decay curve 
have been fitted satisfactorily to the constant pressure blocking laws under 
consideration, but with markedly different fitting parameters for each region.
5.3. Coupon Experiments
As with the model particulate system, it is possible to determine the fouhng kinetics 
by carrying out module experiments; however, it is not possible to identify the fouling 
mechanism. To do this, the build up of the fouling has been visualised. To achieve 
this, filtration runs have been conducted over defined periods of time in both dead end 
and crossflow filtration modes. At the end of a defined time periods, the coupon was 
suitably treated so that the membrane fouling could be visualised using Scanning 
Electron Microscopy (Section 3.5.1). These experiments allow time profiles to be built 
up of membrane fouling at different stages of a typical filtration process. This section 
will consider the results obtained from these experiments, and compare these findings 
with the module experiments, ultimately to propose a mechanism for fouling during 
the crossflow filtration of a model particulate system.
5.3.1. Results from the coupon experiments
Initially, two prolonged runs were carried out in dead end mode for two hours at a 
concentration of 1 g 1\ and a transmembrane pressure of 1.0 bar. The SEM 
photographs of the resultant fouling layer are presented in Figure 5.13. The initial run 
is presented in Figure 5.13a. This shows very little protein structure and holes of 
approximately 2pm in diameter can be seen in the fouling layer (Appendix C). Fouling
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from the second run is presented in Figures 5.13b and 5.13c. In this case, it can be 
seen that the protein fouling layer is made up of short protein strands which are 
randomly arranged on and above the membrane surface. The strands have the 
approximate dimensions of 2pm x 0.15pm forming a mesh with a pore size of 
approximately 0.2pm. The coupon presented in Figure 5.13c was damaged while 
transferring during the drying stage. The resultant hole reveals the thickness of the 
fouhng layer to be approximately 10pm deep. Therefore, because of the depth of the 
fouling layer,(the, cut off size of this layer would be smaller than 0.2pm.
Two time profile experiments were carried out in dead end mode. Both were 
conducted with a concentration of Ig l'\ one with a transmembrane pressure of 1.0 
bar, the second at 0.5 bar. The extent of the fouling after 6, 10, 20 and 40 minutes for 
the first experiment is presented in Figure 5.14. No fouling can be seen after 3 
minutes (data not presented); after 6 minutes (Figure 5.14a) there are thin strands 
apparent over the pores of the membrane. This can be seen more clearly after 10 
minutes (Figure 5,14b), where the strands appear as a mesh-like structure over the 
pores of the membrane. After 20 minutes (Figure 5.14c), a full fouling layer is clearly 
observed over the right hand side of the membrane shown, and after 40 minutes 
(Figure 5.14d), there is full coverage of the membrane. It is also apparent after 40 
minutes that, in addition to the short strands forming the fouling mesh, longer, thinner 
strands can be seen over the membrane; these are up to 30pm in length and about 
0.1pm wide.
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The extent of the fouling after 10 and 40 minutes for the second experiment in dead 
end mode is presented in Figure 5.15. There is no evidence of the fouling mesh after 
10 minutes, although small protein clumps or aggregates can be seen within the pores 
(Figure 5.15a). After 40 minutes, a fouling layer is observed, completely covering the 
membrane (Figure 5.15b); in this case, there is no evidence of the longer, thinner 
strands observed previously.
Five time profiles were carried out in crossflow mode to determine the effect of the 
process parameters under consideration on the crossflow filtration of BSA. For 
convenience, these experiments have been referred to as TPl through to TP5: TPl was 
carried out at a transmembrane pressure of 1.0 bar and a concentration of Ig 1% the 
Reynolds number for this experiment was not recorded; TP2 was carried out at the 
same transmembrane pressure and concentration as previously, but at a Reynolds 
number of 6000; TP3 was carried out at a transmembrane pressure of 0.5 bar, a 
concentration 1.0 g 1‘ and a Reynolds number of 6000; TP4 was carried out at a 
transmembrane pressure of 1.0 bar, a concentration of 2.0 g 1^  and a Reynolds number 
of 6000; and, TP5 was carried out at a transmembrane pressure of 1.0 bar, a 
concentration of 1.0 g/1 and a Reynolds number 8000.
The extent of the fouling for TPl after 5,10 and 40 minutes are presented in Figure
5.16. After 5 minutes (Figure 5.16a), fouling is observed within the pores of the 
membrane. Small protein aggregates are apparent, which are spherical in shape and 
are similar to the aggregates seen in Figure 5.15a. After 10 minutes (Figure 5.16b),
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these aggregates can still be observed in the pores, but in addition, long protein strands 
can be seen on the membrane surface. These strands are up to 20p,m in length, appear 
to be attached to the membrane in several different places and they are formed 
predominantly tangentially to the flow of the feed; these strands are similar to the 
long, thin strands seen in Figure 5.14d. After 40 minutes (Figure 5.16c), these strands 
have disappeared, but there is much greater fouling by aggregates within the pores.
The extent of the fouling for TP2 after 5, 15, 20 and 40 minutes is presented in Figure
5.17. Protein aggregates can be seen within the pores after 5 minutes (Figure 5.17a) 
and there is very little increase in the extent of fouling after 15 minutes (Figure 
5.17b). However, after 20 minutes (Figure 5.17c), there is a dramatic increase in the 
amount of fouling within the pores. The sample after 40 minutes (Figure 5.17d) 
reveals a mesh forming on the surface of the membrane, with short strands bridging 
the pores.
The effect of transmembrane pressure on the fouling mechanism was observed by 
carrying out TP3. The extent of the fouling after 10, 20, 30 and 60 minutes is 
presented in Figure 5.18. After 10 minutes (Figure 5.18a), fouling takes place due to 
aggregates in the pores. After 20 and 30 minutes (Figures 5.18b and 5.18c 
respectively), thin strands can been seen, which are formed predominantly tangentially 
to the flow. After 60 minutes (Figure 5.18d), there is a large increases in the amount 
of protein aggregates within the pores.
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To determine the effect of concentration on the fouling mechanism, TP4 was carried 
out. The extent of the fouling after 5, 10, and 20 minutes is presented in Figure 5.19. 
After 5 minutes (Figure 5.19a), large numbers of strands can be seen on the membrane 
surface, predominantly tangentially to the flow, with protein aggregates clearly visible 
in the membrane pores. After 10 minutes (Figure 5.19b), the strands have disappeared, 
and there is a significant amount of protein fouling within the pores. After 20 minutes 
(Figure 5.19c), a mesh structure can be seen on the membrane surface, and no protein 
aggregates can be seen in the membrane pores.
Finally, a time profile (TP5) to consider the effect of Reynolds number on the fouling 
mechanism was carried out. The extent of the fouling after 20, 30 and 40 minutes is 
presented in Figure 5.20. After 20 minutes (Figure 5.20a) there is little fouling, with 
only a few protein aggregates within the pores. After 30 minutes (Figure 5.20b), 
strands can be seen which are formed tangentially to the flow. The amount of fouling 
within the pores is also much greater than after 20 minutes. After 40 minutes (Figure 
5.20c), a mesh can be seen on the membrane surface. These results from each of these 
time profile experiments is summarised in Table 5.4.
5.3.2. Discussion of the coupon results
It can be seen from the dead end filtration studies that the fouling initially takes place 
due to the formation of protein aggregates within the pores. This is followed by the 
formation of short protein strands which lay randomly on the membrane forming a 
mesh (Figure 5.14b). Initially, the BSA will easily pass into the clean membrane.
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Time (mins)
10 15 20 25 30 35 40 50 60
TPl
Ptm 1.0 bar 
Cone. 1.0 g I"' Re unknown
TP2
Ptm 1.0 bar 
Cone. 1.0 g r‘ Re 6000 □
TP3
Ptm 0.5 bar 
Cone. 1.0 g r‘ Re 6000
TP4
Ptm 1.0 bar 
Cone. 2.0 g l ' Re 6000 □ □
TP5
Ptm 1.0 bar Cone. 1.0 g 1' 
Re 8000 III Aggregates in Pores
Strand Formation
Increased Aggregation 
Mesh Formation
Table 5.4 - Summary of the Macromolecular Coupon Results
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However, protein hold up within the pores will quickly lead to concentration 
polarisation and the subsequent formation of aggregates. As BSA is a dimerising 
molecule, this will aid the formation of aggregates to foul the membrane, and it has 
been shown that the amount of aggregation increases with the concentration of 
dimers” .^ BSA molecules subsequently approaching the membrane, are inhibited by 
the concentration gradient. As a result, the concentration of protein increases at the 
membrane surface, ultimately forcing the protein out of solution and resulting in the 
formation of short protein strands. Therefore, it is proposed that this fouling is due to 
concentration polarisation in the pores, leading to the formation of protein aggregates, 
and subsequently at the membrane surface, resulting in the formation of short protein 
strands.
As the fouling layer builds up, the resistance to flow becomes greater, thus forcing 
more of the protein out of solution and further increasing the thickness of the fouling 
layer. Water which passes through the fouling layer is inhibited by the concentration 
driving force, whereas the bulk flow of the solution to the membrane surface is 
inhibited by the increased viscosity close to the membrane surface. At a lower 
transmembrane pressure (Figure 5.15), the same fouling mechanism takes place, but 
at a slower rate. This is because the driving force for filtration is lower, and the rate 
of increase of concentration at the membrane surface is reduced.
It is apparent that there are four distinct stages of membrane fouling during the 
crossflow filtration of BSA solutions. Initially, protein aggregates form in the pores,
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in the same way as was apparent for dead end filtration; long thin strands then form 
on the membrane surface, predominantly tangentially to flow; these strands are then 
disrupted and the resultant debris significantly increases the fouling within the pores; 
finally, a protein mesh forms on the membrane surface, which has a pore size smaller 
than that of the membrane. A schematic of the observed fouling is presented in Figure 
5.21.
The first stage of fouling is the same for dead end and crossflow filtration: the 
formation of protein aggregates within the pores. It has been proposed that the 
formation of these aggregates causes the significant flux decline in the crossflow 
filtration of BSA^^ .^ However, it is more likely that the initial rapid flux decline is due 
to the increased concentration, and associated increased viscosity at the membrane 
surface, causing greater inhibition of the bulk flow; viscosity has been shown to 
increase proportionally with concentration (Figure 5.22). A number of other 
researchers have observed protein aggregates fouling when using 
and other proteins^°’^ °^ . It has been reported that the protein aggregates appear more 
readily at higher f l u x e s w i t h  high shear r a t e s a n d  are formed due to 
concentration polarisation at the m em brane^Dénaturation, which is associated with 
high protein concentrations and shear rates has been presented as a mechanism by 
which aggregation occurs^® as trace quantities of aggregated or denatured BSA are 
deposited on the membrane; these act as a initiation site for the continued deposition 
of protein^ These initiation sites could also be formed by protein adsorption onto the 
membrane surface, which has been observed by numerous
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Adsorption experiments have been carried out and these results are presented in 
Appendix D; these show that some protein is adsorbing on the membrane, and the 
extent of adsorption increases proportionally with time.
The long thin strands that appear after the initial aggregate formation did not occur 
in dead end filtration. These strands are evident in each of the time profiles except 
TP2 (Figure 5.17). However, the large increase in the extent of fouling within the 
pores between the coupon after 15 minutes and the coupon after 20 minutes (Figures 
5.17b and 5.17c) is indicative of the stages before and after the formation of the 
strands. This is circumstantial evidence that this experiment followed the same stages 
as the other experiments, and strand formation may occur between 15 and 20 minutes 
in these conditions.
The strands are formed above the membrane surface, not in the pores. It is proposed 
that these are likely to have been formed as a result of concentration polarisation at 
the membrane surface. This is supported by the fact that when the concentration is 
higher, the strands form earlier, and when the transmembrane pressure decreases and 
the crossflow velocity increases, the strands form later (Table 5.4). Increasing the feed 
concentration increases the amount of protein that reaches the membrane, and the 
solubility limit is reached more quickly; decreasing the transmembrane pressure 
decreases the driving force of the protein to the membrane, so the protein hold up at 
the surface is lower and it takes longer to reach the solubility limit; as Reynolds 
number increases, the thickness of the laminar boundary layer decreases, which
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increases the concentration gradient and makes back diffusion from the membrane 
easier. In principle, this is exactly the same mechanism which causes the formation 
of the mesh in dead end filtration. However, in this case, the protein coming out of 
solution is subjected to the tangential bulk flow of the feed which somehow results in 
longer strands than those seen in dead end filtration. Furthermore, these long strands 
are formed tangentially to the bulk flow. The reason for this is as yet unclear.
Since the emergence of membrane technology in the late 1960’s, it has often been 
proposed that concentration polarisation has been responsible for affecting the flux and 
efficiency of the filtration '^" .^ Work has been carried out to measure concentration 
polarisation using radio isotopes, and by measuring infra-red absorption of species in 
the polarised layer^ ^®. This showed a very high solute concentration above the 
membrane surface, even with very high pore sizes (up to 1.0 [im) for BSA. However, 
concentration polarisation did decrease with increasing pore size^ °^. This evidence of 
concentration polarisation taking place even when the pore size of the membrane is 
an order of magnitude larger than the size of the macromolecule under consideration 
corroborates the results seen in these experiments.
The long thin strands are easy to disrupt and exist for relatively short periods of time 
(Table 5.4). Following the disappearance of the strands, there is a dramatic increase 
in the amount of fouling within the pores. It is proposed that this increased fouling is 
due to debris from the collapse of these long strands.
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Subsequent to the disappearance of the strands, a poorly defined mesh is slowly 
formed on the surface of the membrane and short strands are observed to bridge the 
pores. By this stage, a significant proportion of the membrane is fouled, resulting in 
a much lower flux. As a result, protein in the concentration polarisation region above 
the blocked membrane surface tends to come out of solution as a thin film, while 
protein in the concentration region above the open pores tends to form bridges, as is 
observed in the early stages of dead end filtration.
Once a protein mesh has been completely formed, a state of equilibrium will result 
where the rate at which protein is carried to the mesh is equalled by the rate at which 
protein returns to the retentate plus that which passes thiough the layer into the 
permeate. This is the steady state assumption that forms the basis of the concentration 
polarisation modeP’^ . The mesh can now be considered to be in steady state. It is 
likely in these circumstances, that the majority of protein is rejected by the fouling 
mesh resulting in a low protein concentration in the permeate entering the membrane 
pores. In this case, it is possible that the aggregates previously formed in the 
membrane pores may re-enter solution and continue through the membrane.
5.3.3. Conclusions from the coupon experiments
The dead end coupon results showed that fouling was due to the formation of small 
protein aggregates within the pores and short protein strands on the membrane; these 
are formed due to concentration polarisation. The strands form a mesh on the 
membrane which has a smaller pore size than the pore size of the membrane.
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Concentration polarisation is also the phenomenon causing membrane fouling in a 
crossflow filtration system. However, in this case, it manifests itself as the four stages 
of fouling which have been observed in each of the crossflow filtration time profiles. 
The rate of formation of this fouling layer increases with transmembrane pressure and 
concentration, but decreases with Reynolds number. Initially, fouling takes place due 
to the formation of protein aggregates within the pores of the membrane; this is 
similar to the initial fouling seen in dead end mode. While this is occurring, long, thin 
strands of protein are forming over the pores predominantly tangentially to the flow 
of the feed. These strands then disappear and the small protein clumps formed by this 
then foul inside the pores, resulting in a sudden increase in the amount of aggregates 
within the pores. Finally, fouling takes place on the membrane surface with a protein 
mesh being formed. The formation of this mesh allows the protein which is in the 
pores to dissolve and pass through the membrane into the filtrate.
5.4. Comparison of the Module and Coupon Experiments
Neither the standard blocking law or the complete blocking law were capable of 
describing all of the experimental data. However, plotting log flux against time 
revealed two distinct regions of flux decline. Either of the models could be fitted to 
either part of the flux decline. However, the coupon experiments revealed that neither 
of the mechanisms attributed to the constant pressure blocking laws were appropriate 
for these experiments.
The time at which the change in flux decline takes place in the module experiments
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corresponds approximately to the time of the formation and collapse of the long, thin 
strands observed in the coupon experiments. Therefore, it is proposed that the collapse 
of these strands is responsible for the discontinuity in flux decline. The period of rapid 
flux decline corresponds to the initial formation of aggregates within the pores 
followed by the formation of long strands above the membrane surface. The 
subsequent period of slower flux decline starts when the strands collapse, with 
subsequent fouling being due to aggregation and eventually mesh formation. The 
module results showed that the transition point occurred sooner as transmembrane 
pressure and concentration increased, but later as Reynolds number increased; these 
results are corroborated by the coupon results.
Generally, the coupon data showed that the rate and extent of fouling increased with 
transmembrane pressure, but decreased with Reynolds number. This is corroborated 
by the module data for transmembrane pressure, and the defouling mechanism seen 
with Reynolds number; however, the module experiments could not show any clear 
trend with BSA concentration.
Initially concentration polarisation in the pores leads to the formation of aggregates. 
However, the period of rapid flux decline is due to concentration polarisation 
occurring immediately above the membrane surface, while the period of slower flux 
decline is due to the continuation of concentration polarisation within the pores, as
occurred initially. It may be concluded from this that the rate of fouling due to 
concentration polarisation above the membrane surface is significantly higher than the
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rate of fouling due to concentration polarisation within the pores.
Initially the concentration increases above the membrane surface increasing the 
viscosity; as stated, this is a concentration polarisation layer. As the solubility limit 
(approximately 400 g 1‘) is approached, the protein begins to come out of solution as 
strands and the viscosity is close to its maximum. Because of the variation in the 
permeability of the membrane surface, resulting in a variation of localised fluxes, this 
happens at different rates over the membrane surface. Therefore, even though the 
solubility limit is reached at some places on the membrane, at other places the 
concentration, and thus the viscosity, is much lower. As time progresses, more strands 
form as more of the concentration polarisation layer reaches the viscosity limit. If this 
were to continue, a full layer would be expected to be formed above the membrane 
surface (as can be seen in dead end filtration). However, the strands collapse due to 
the effect of the tangential flow; this material falls into the pores. A significant 
increase is not observed, as it is the same amount of protein which is causing the 
fouling. The subsequent increase in fouling is due to the increased aggregation within 
the pores increasing the viscosity and slowing the bulk flow. Eventually, the 
aggregates link together, forming bridges over the pores, resulting in the final layer.
Preliminary attempts have been made to model the fouling mechanism seen in these 
experiments. However, it is clear that a more complex mechanistic approach is needed 
to fully describe the process; this is outside the scope of this work.
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5.5. Conclusions from the Model Macromolecular System 
Bovine Serum Albumin has been used as a model macromolecular system to 
investigate the fouhng mechanism during crossflow filtration. Experiments carried out 
with a filter module showed that the rate and extent of fouling increased with 
transmembrane pressure and Reynolds number up to a value of 8000, but was 
independent of concentration within the scope of these experiments. Neither of the 
constant pressure blocking laws under consideration showed a satisfactory fit to all of 
the experimental data. This is because two regions of exponential flux decline were 
evident, suggesting a change in the fouling mechanism during the experiment.
The coupon experiments showed that the fouling mechanism comprised of four parts; 
this is seen as being the mechanism for concentration polarisation. Fouling initially 
took place due to the formation of protein aggregates within the pores; the formation 
of these was facilitated by adsorption of protein to the membrane. While these formed, 
long thin protein strands attached themselves to the membrane surface, predominantly 
tangentially to the flow of the feed. These were then broken apart, resulting in greatly 
increased fouling within the pores. Finally, a mesh formed on the membrane surface; 
this filtered out most of the protein, enabling aggregates within the pores to redissolve 
and pass through the membrane. The four stages of membrane fouling suggest two 
regions of flux decline: an initial rapid period of flux decline, corresponding to the 
initial aggregate formation and the build up of the strands, followed by more giadual 
flux decline, corresponding to the increased aggregation and the mesh formation. This 
corroborates the results from the module experiments.
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CHAPTER 6 
THE MODEL FERMENTATION BROTH
6.1. Introduction
In the previous two chapters, fouling mechanisms for the crossflow filtration of the 
model particulate system and the model macromolecular system have been proposed. 
A fermentation broth is made up of a particulate suspension in a macromolecular 
solution, and it is the aim of this study to use the information from the individual 
systems to identify the fouling mechanism in this type of system; specifically to 
identify any effect which particles and macromolecules may have on each other whilst 
fouling a membrane during crossflow filtration. Therefore, in this chapter the results 
for the model particulate suspension will be compared with the results from the model 
macromolecular solution, to predict the fouling mechanism for the model fermentation 
broth. Fouling during the crossflow filtration of the model fermentation broth of Vinyl 
Acetate particles suspended in a BSA solution will then be considered.
As with the individual systems, experiments have been carried out to consider the 
effect of the specific process parameters (transmembrane pressure, particle and 
macromolecular concentration and Reynolds number) on membrane fouling. 
Experiments have been carried out using filter modules, to produce quantitative data 
for the flux decline, and with coupons, to visualise the fouling. As previously, the 
module results have been analysed to determine the effect of each of the process 
parameters on the initial rate of flux decline, the final flux and the filtrate
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concentration. Qualitative data from the coupon experiments will then be presented 
and the fouling mechanism for the model fermentation broth will be proposed. This 
will then be compared with the predicted fouling mechanism by considering the results 
from the individual systems.
6.2. Predictions for the Model Fermentation Broth
Both of the individual systems showed that the rate and the extent of fouling increased 
with transmembrane pressure, although the final flux was constant with the particulate 
suspension and with the macromolecular solution above 0.5 bar. The rate and extent 
of fouling were also seen to increase with particulate concentration; however, the 
macromolecular concentration was not investigated over a large enough range to 
identify any change in the rate or the extent of fouling. Both of the individual systems 
also showed that the initial rate of fouling decreased with Reynolds number up to a 
value of 7000, and then increased; the extent of fouling was seen to decrease up to a 
value of 8000, before becoming independent of Reynolds number.
From these observations, it may be predicted that the initial rate of fouling will 
increase with transmembrane pressure and particulate concentration, remain 
independent of macromolecular concentration and increase with Reynolds number up 
to a value of 7000, before decreasing. It may also be predicted that the final flux 
remains independent of macromolecular concentration, decreases with particulate 
concentration but increases with Reynolds number up to a value of 8000. The final 
flux may also be independent of transmembrane pressure above a value of 0.5 bar;
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below this, final flux may decrease with transmembrane pressure, depending on the 
relative extents of particulate and macromolecular fouling.
The module results from the model macromolecular system showed two distinct 
periods of exponential flux decline: an initial period of rapid flux decay, followed by 
a more gradual period of flux decay. It was shown that the time for this change in the 
rate of fouling decreased with transmembrane pressure and concentration, but was 
independent of Reynolds number. In the model fermentation broth, it may be predicted 
that these two periods, which are due to macromolecular fouling, will also be seen. 
However, it is likely that the change from one mechanism to the other will be less 
distinct, due to the particulate fouling. However, as the change in mechanism is due 
to the macromolecular fouling, the time of the transition point should be independent 
of particulate concentration as well as Reynolds number, but occur sooner with 
transmembrane pressure and macromolecular concentration.
The filtrate concentration results from the model macromolecular system showed that 
the rate of decrease of concentration increased with transmembrane pressure, 
macromolecular concentration and Reynolds number. The final filtrate concentration 
decreased with transmembrane pressure, but increased with macromolecular 
concentration and was independent of Reynolds number, up to a value of 8000, after 
which it decreased. It is expected that the filtrate concentration in the model 
fermentation broth will behave in a similar way. However, it is likely that the presence 
of particles, which cause an extra resistance to flow at the membrane surface, will
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prevent more of the macromolecule from passing through the membrane, and the 
overall concentration will be lower than with the model macromolecular system.
The coupon experiments carried out with the model particulate system showed that the 
particles formed a cake on the membrane surface; the size of this cake did not increase 
after an initial rapid fouling period. It is predicted that the particles in the model 
fermentation broth will foul in the same way.
For the model macromolecular system, a more complex fouling mechanism was 
identified. Initially, concentration polarisation causes aggregates to form within the 
pores, and subsequently the formation of strands at the membrane surface. These 
strands then collapse, causing an increase in the number of aggregates and ultimately 
a mesh to be formed on the membrane surface. Again, it is predicted that the 
macromolecules will foul the membrane in a similar way in the model feimentation 
broth. However, the presence of the particles may disrupt the formation of the 
concentration polarisation layer, which would interfere with the formation of the 
strands.
In summary, it may be expected that the initial rate of flux decay will increase with 
transmembrane pressure and particulate concentration but decrease with Reynolds 
number up to a value of 7000 before increasing and remain independent of 
macromolecular concentration. It is predicted that final flux will decrease with 
particulate concentration, remain independent of transmembrane pressure and
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macromolecular concentration and increase with Reynolds number up to a value of 
8000. The final filtrate concentration is expected to decrease with transmembrane 
pressure and particulate concentration, but increase with macromolecular concentration 
and remain independent of Reynolds number up to a value of 8000. It can also be 
predicted that the flux decline curve will show two periods of exponential decay. 
Additionally, if the fouling due to the particles and the macromolecules are 
complementary, it may be expected that the initial rate of fouling would be greater and 
the final flux will be lower in the model fermentation broth. For the coupon 
experiments, it may be predicted that the particles will form a cake on the membrane, 
with the macromolecules fouling by the same four stages seen with the model 
macromolecular system.
6.3. Module Experiments
Experiments have been carried out with filter modules to determine the fouhng 
kinetics during the crossflow filtration of a model fermentation broth. The results from 
these experiments will be presented in this section; these will then be compared with 
the predictions made in Section 6.2. As previously, experiments have been carried 
out to examine the effects of specific process parameters on the initial rate of flux 
decline, the final flux and the filtrate concentration during crossflow filtration.
Experiments have been conducted for two hours at five different transmembrane 
pressures from 0.2 to 1.5 bar with a BSA concentration of 1.5 g l'\ a Vinyl Acetate 
concentration of 1x10  ^particles ml \  and Reynolds number of 6000; at five different
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Transmembrane Pressure (bar)
VA Cone. 1X itf p ml' 
BSA Cone. 1.5 g r'Re 6000
0.2
0.50.71.01.5
VA Concentration (x ICf particles ml )
Ptm. 0.5 bar 
BSA Cone. 1.5 g r' Re 6000
1
310
30
100
BSA Concentration 
( g l “ )
Ptm. 0.5 bar
VA Cone. IxlO’ pml 'Re 6000
0.5
0.7
1.0
1.5
2,0
Rejmolds Number (dimensionless)
Ptm. 0.5 bar 
VA Cone. 1 x 10’ p mf' 
BSA Cone. 1.5 g r’
5000
60007000
8000
9000
Table 6.1 - Experiments carried out with the Model Fermentation Broth
BSA concentrations from 0.5 to 2.0 g I * with a transmembrane pressure of 1.5 g l'\ 
a Vinyl Acetate concentration of 1x10? particles ml \  and Reynolds number of 6000; 
at five different Vinyl Acetate concentrations of 1x10? to 1x10* particles ml  ^ with a 
BSA concentration of 1.5 g l'\ a transmembrane pressure of 0.5 bar and Reynolds 
number of 6000; at five different Reynolds numbers from 5000 to 9000 with a BSA 
concentration of 1.5 g l'\ a Vinyl Acetate concentration of 1x10? particles ml'\ and 
transmembrane pressure of 0.5 bar (Table 6.1).
In addition to the experiments outlined above, a series of experiments has been 
conducted to specifically identify the effect of transmembrane pressure on fouling. 
These were carried out at transmembrane pressures from 0.2 bar to 1.5 bar at a 
particulate concentration of 1 x 10^  particles ml \  a macromolecular concentration of 
1.5 g r ' and a Reynolds number of 6000; a particulate concentration of 1 x 10^  
particles ml'% a macromolecular concentration of 1.5 g 1‘ and a Reynolds number of
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6000; a particulate concentration of 1 x 10^  particles ra l‘, a macromolecular 
concentration of 0.7 g 1* and a Reynolds number of 6000; and, a particulate 
concentration of 1x10^ particles ml ', a macromolecular concentration of 1.5 g 1* and 
a Reynolds number of 9000 (Table 6.2). Also, a prolonged experiment has been 
carried out for six hours in order to determine how close to the asymptotic value the 
flux is after a normal two hour experiment.
Transmembrane Pressure (bar)
VA Cone. 1 X lO’ p ml' VA Cone. 1 X lO’ p ml ' VAConc. IxlO'pml' VA Cone. 1 X irf p mlBSA Cone. 0.7 g I ' BSA Cone. 1.5 g I’ BSA Cone. 1.5 gT' BSA Cone. 1.5 g r'Re 6000 Re 6000 Re 6000 Re 9000
0.2 0.2 0.2 0.20.5 0.5 0.5 0.51.0 1.0 1.0 1.01.5
Table 6.2 - Experiments carried out to determine the effect of Transmembrane Pressure
6.3.1. Results from the module experiments
As previously, all of the module experiments show a decline in flux from the clean 
water flux to an asymptotic flux. A typical time profile at a transmembrane pressure 
of 0.5 bar, a particulate concentration of 1 xlO  ^ particles ml \  a macromolecular 
concentration of 1.0 g 1' and a Reynolds number of 6000 is presented in Figure 6.1a; 
a concentration time profile at the same conditions is presented in Figure 6.1b.
The effect of the operating parameters on the initial rate of flux decline are presented
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in Figure 6.2. Figures 6.2a and 6.2b show that the initial rate of flux decline increases 
with transmembrane pressure and particle concentration. However, Figures 6.2c and 
6.2d shows that the initial rate of flux decline is independent of macromolecular 
concentration and Reynolds number.
The prolonged experiment was carried out to determine whether an asymptote was 
reached after two hours. The experiment was carried out at a transmembrane pressure 
of 0.5 bar, a particulate concentration of 1 xlO’ particles ml ', a macromolecular 
concentration of 1.5 g 1', and Reynolds number of 6000 and was run for six hours 
instead of two hours as was used for all other experiments. The results of this 
experiment are presented in Figure 6.3. After 120 minutes, the flux was 36.9 1 m^ hr ' 
(± 5%) which is 11% of the initial value. Over the next four hours the flux continued 
to decline very slowly to a value of 29.7 1 m'^  hr ' (± 5%), which is 9% of the initial 
value. Again, it is clear that the final asymptotic flux will not be reached after two 
hours, but the final flux after two hours can be considered to be representative of the 
final asymptotic value.
The effect of the operating parameters on the final flux are presented in Figure 6.4. 
Figures 6.4a and 6.4c show that the final flux is independent of transmembrane 
pressure and macromolecular concentration. Figure 6.4b shows that the final flux 
decreases with particle concentration up to a value to 3x10® particles ml '. However, 
Figure 6.4d shows that the final flux increases with Reynolds number up to a value 
of between 7000 to 8000 after which it is constant.
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The variation of the final filtrate concentration with the process parameters is 
presented in Figure 6.5; Figure 6.1b showed that filtrate concentration decreased with 
time. Figures 6.5 shows that the final filtrate concentration increases with 
transmembrane pressure, particulate concentration and macromolecular concentration, 
but is independent of Reynolds number above a value of 7000.
The filtrate concentration appears to decrease exponentially. In Figure 6.6, a plot of 
log concentration against time for a transmembrane pressure of 0.2 bar, a particle 
concentration of 1x10  ^particles ml ', a macromolecular concentration of 1.5 g 1' and 
a Reynolds number of 6000 is presented. The three part trend which is seen in this 
figure is typical of all the experimental data. Initially, there is a period where the 
filtrate concentration remains the same as the feed concentration. This is followed by 
a period of exponential decay in the filtrate concentration and then a final period 
where the filtrate concentration does not change. The period of exponential 
concentration decline has been fitted by linear regression; however, the slope of this 
line does not show a clear trend with any of the process parameters.
6.3.2. Fitting of the constant pressure blocking laws to the experimental data
Each of the four constant pressure blocking laws has been fitted to the experimental 
data. A typical fit of each model to the flux decline data from an experiment carried 
out at a transmembrane pressure of 0.5 bar, a particulate concentration of 1 x 10’ 
particles ml ', a macromolecular concentration of 1.0 g 1' and a Reynolds number of 
6000 is presented in Figure 6.7. It is clear from this figure that none of these fits are
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satisfactory.
Log flux against time for the conditions outlined above is presented in Figure 6.8; this 
is typical of each of the flux decline curves. It can be seen that there are two regions 
of exponential flux decline: an initial period of rapid flux decline followed by a longer 
period of gradual decay, the gradient being an order of magnitude lower than the 
initial rate. Linear regression has been used to calculate the gradient and the intercept 
for each period; however, these parameters have been shown to be independent of the 
selected process parameters (data not shown).
It is evident that the transition between the two periods of exponential flux decline 
takes place over a much longer time period than was seen for the model 
macromolecular system; therefore, the variation of the transition point has not been 
plotted against the selected process parameters. However, it has been shown that this 
occurs earlier as transmembrane pressure and macromolecular concentration increase, 
but is independent of particulate concentration and Reynolds number.
Each of the constant pressure blocking laws has been fitted to the experimental data 
before the transition point, by adjusting the constant pressure blocking law constant. 
A typical fit of the complete blocking law, the intermediate blocking law and the 
standard blocking law to the data is presented in Figure 6.9; these fits are satisfactory. 
The cake filtration law showed an unsatisfactory fit to this part of the data (data not 
shown). All four of the constant pressure blocking laws showed a satisfactory fit to
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the experimental data after the transition point (data not shown). The fact that these 
models can be fitted to either region of the experimental data independently, but not 
to the whole of the data would seem to confirm that there are two distinct regions of 
flux decline as the fitted parameters for the two regions are markedly different.
6.3.3. Discussion of the module results
The results show that by increasing the transmembrane pressure, the initial rate of flux 
decline increases, but the final flux remains constant. The initial rate of fouling 
increases with transmembrane pressure as more foulants are brought to the membrane 
surface. It has been discussed previously (Sections 4.2.3 and 5.2.2) that in experiments 
where the transmembrane increases, the extent of fouling must increase proportionally 
in order to maintain the same final flux, due to the increasing driving force for 
filtration. This is the case in these experiments, so the extent of fouling increases 
proportionally with transmembrane pressure. These findings agree with the predictions 
made in Section 6.2.
Figures 6.2b and 6.4b show that the initial rate of flux decline increases, and the final 
flux decreases with particulate concentration. As previously, (Section 4.2.3) as the 
concentration increases, the number of particles reaching the membrane surface 
increases proportionally, which increases the fouling. The variation of the initial rate 
of flux decline and the final flux with macromolecular concentration is shown in 
Figures 6.2c and 6.4c. This shows that both of these measures of fouling are 
independent of macromolecular concentration. In Section 5.2.2, it was stated that the
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macromolecular concentrations used in these experiments were narrow, reflecting the 
range of concentrations at the end of a typical fermentation; in this case, the range of 
concentrations used were too narrow to show any trend with the rate and extent of 
membrane fouling. Again, the findings from the experiments carried out with different 
feed concentrations agree with the predictions made in Section 6.2.
Figures 6.2d and 6.4d show the effect of Reynolds number on the initial rate of flux 
decay and the final flux. These show that, while the initial rate of flux decline is 
independent of Reynolds number, the final flux increases with Reynolds number up 
to a value of between 7000 and 8000. As has been discussed previously, Reynolds 
number is increased by increasing the mass flow rate, which causes an increase in the 
crossflow velocity. Increasing the mass flow rate increases the amount of material 
which is brought into contact with the membrane, increasing the fouling. However, the 
increase in velocity increases the turbulence at the membrane surface, increasing the 
rate of defouling due to scouring and back diffusion. Therefore, initially, the rate at 
which fouling increases is equal to the increase in the rate of defouling. The final flux 
is reached when the rate of defouling is equal to the rate of fouling. As the initial rate 
of fouling is independent of Reynolds number, it can be concluded that the rate of 
defouling increases faster than the rate of fouling up to a value of 8000. This again 
agrees with the predictions made in Section 6.2 , albeit not as clearly as the results 
for transmembrane pressure and concentration.
Figure 6.8 shows that there are two fouling mechanisms for the flux decline curve.
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This can be predicted by considering the results from the individual systems. However, 
the transition point is much less distinct than seen with the model macromolecular 
system, due to the presence of the particles. The presence of two fouling mechanisms 
with the change from the first to the second being less distinct than with the model 
macromolecular system agrees with the predictions made in Section 6.2. The 
transition point occurs earlier with transmembrane pressure and macromolecular 
concentration, but is independent of particulate concentration and Reynolds number. 
This again agrees with the predictions made in Section 6.2.
By plotting log concentration against time, three stages have been seen for the decline 
in the filtrate concentration (Figure 6.6): initially, the concentration remains the same 
as the feed concentration; the concentration then declines exponentially; finally, the 
concentration remains at a constant final value. This indicates that the fouling layer 
formed in the first 30 minutes does not significantly impair the flow of 
macromolecules; although the bulk flow is reduced, the relative flow of 
macromolecules is the same. After this initial period, the fouling layer starts to inhibit 
the flow of macromolecules until an equilibrium is reached. The time for the 
concentration starting to fall corresponds approximately with the discontinuity seen in 
the flux decline curve, and this is further evidence for the existence of two fouling 
mechanisms. However, the three stages of filtrate decline could not be predicted by 
considering the results from the individual systems.
Figure 6.5 shows that the filtrate concentration is independent of Reynolds number
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above a value of 7000. Both the rate of filtrate concentration decline and the final 
concentration increase with feed concentration. These results agree with the prediction 
made in Section 6.2. However, the proportion of macromolecule passing into the 
filtrate remains constant at approximately 0.7; this is higher than seen with the model 
macromolecular system. Additionally, Figure 6.5 shows that the final filtrate 
concentration increases with transmembrane pressure and particulate concentration. 
These results do not agree with the predictions made in Section 6.2.
Broadly, the results from the module experiments agree with the predictions that can 
be made by considering the data from the individual systems. The only discrepancy 
between the predicted results and the actual results concerns the effect of the process 
parameters on the final filtrate concentration.
6.3.4. Conclusions from the module experiments
The module experiments have demonstrated that the initial rate of fouling increases 
with transmembrane pressure and particulate concentration, but is independent of 
macromolecular concentration and Reynolds number. The final flux decreases with 
particulate concentration, but increases with Reynolds number up to a value of 7000 
and is independent of transmembrane pressure and macromolecular concentration. All 
of these results could be predicted by considering the results from the individual 
systems.
Two regions of exponential flux decline have been identified, and the time for the
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change in mechanism occurs earlier with transmembrane pressure and macromolecular 
concentration, but is independent of particulate concentration and Reynolds number. 
The filtrate concentration results all show the same three stages of concentration 
decline: concentration equal to the feed concentration; exponential decline in the 
concentration; and, constant final concentration. This corroborates the flux decline 
data, as the period of rapid flux decline corresponds to the initial period of constant 
filtrate concentration. Again, these results could be predicted by considering the results 
from the individual systems.
The final filtrate concentration has been seen to increase with transmembrane pressure, 
particulate concentration and macromolecular concentration, while remaining 
independent of Reynolds number. These results could not be predicted by considering 
the results from the individual systems.
6.4. Coupon Experiments
The module experiments can be used to provide useful kinetic data for the decline in 
flux during crossflow filtration; however, some discrepancy has been identified 
between the results that can be predicted from the individual systems, and those from 
the model fermentation broth. Therefore, in order to fully understand the build up of 
the fouling layer, and any possible effect that particles and macromolecules have on 
each other, coupon experiments have been carried out. By examining the extent of 
fouling for different durations, the build up of the fouling layer with time can be seen. 
As with the individual systems, experiments have been carried out in dead end mode
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and crossflow mode in order to directly evaluate the effect of the tangential velocity. 
This section will consider the results obtained from these experiments, and compare 
these findings with the results predicted by considering the individual coupon results 
in Section 6.2. The results will then be compared with the module experiments, 
ultimately to propose a mechanism for fouling during the crossflow filtration of a 
model fermentation broth.
6.4.1. Results from the coupon experiments
Initially, a prolonged experiment was conducted in dead end mode to see the full 
extent of a fouling layer. This was carried out at a transmembrane pressure of 1.0 bar, 
a particle concentration of 1x10  ^particles ml^ and a macromolecular concentration of 
1 g 1^  and a view of the fouling layer on the membrane is presented in Figure 6.10. 
It is clear from this that the fouling layer is comprised mainly of particles and protein 
is visible in the gaps between the particles. In the same way as is initially seen in the 
model macromolecular system, protein has formed aggregates and these can been seen 
forming a partial layer over the particles. The same film that was apparent with the 
model particulate system, which seems to be associated with the Vinyl Acetate 
particles, can also be clearly seen.
A time profile experiment was carried out in dead end mode at a transmembrane 
pressure of 1.0 bar, a particulate concentration of 1x10  ^ particles ml^ and a 
macromolecular concentration of 1 g 1^ ; the extent of fouling after 5, 10 and 20 
minutes is presented in Figure 6.11. After 5 minutes (Figure 6.11a), approximately a
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third of the membrane has been covered and particles are deposited in clumps. After 
15 minutes (Figure 6.11b), there is total coverage of the membrane by the particles; 
protein aggregates can be seen between the particles. These can be clearly seen again 
after 30 minutes (Figure 6.11c), as well as the partial protein layer, that was seen in 
the prolonged experiment (Figure 6.10b); this was also seen after 40 minutes (data not 
shown), although the depth of the fouling layer increased in time.
Five different time profiles were carried out for the crossflow filtration coupon studies. 
Again, for convenience, these experiments have been referred to as MTPl through to 
MTP5: MTPl was carried out at a transmembrane pressure of 1.0 bar, a particulate 
concentration of 1x10  ^particles ml'\ a macromolecular concentration of 1 g 1'^  and a 
Reynolds number of 6000; MTP2 was carried out at a transmembrane pressure 0.5 bar, 
a particulate concentration of 1x10  ^particles ml ', a macromolecular concentration of 
1 g r ' and a Reynolds number of 6000; MTP3 was carried out at a transmembrane 
pressure of 1.0 bar, a particulate concentration of IxlOf particles ml*', a 
macromolecular concentration of 1 g 1' and a Reynolds number of 6000; MTP4 was 
carried out at a transmembrane pressure of 1.0 bar, a particulate concentration of 
1x10  ^particles ml ', a macromolecular concentration of 2 g 1' and a Reynolds number 
of 6000; and, MTP5 was carried out at a transmembrane pressure of 1.0 bar, a 
particulate concentration of 1x10^ particles ml ', a macromolecular concentration of 
1 g 1*' and a Reynolds number of 8000.
The extent of fouling after 10, 20 and 40 minutes for MTPl is presented in Figure
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6.12. After 10 minutes (Figure 6.12a), small protein aggregates can be seen in the 
pores of the membrane; these are similar to those seen in the experiments with the 
model macromolecular system. The extent of particulate fouling is greater after 20 
minutes than after 10 minutes (Figure 6.12b), and protein aggregates can again be seen 
in the pores, away from the particles; no aggregates are visible close to the particles. 
After 40 minutes, aggregates can again be seen in the pores of the membrane (Figure 
6.12c, showing a particle-free section of the membrane).
The effect of transmembrane pressure on the fouling was observed by carrying out 
MTP2; the results from this experiment are presented in Figure 6.13. After 10 minutes 
(Figure 6.13a), no aggregates can be seen in the pores of the membrane; particles can 
been seen on this section of membrane. However, after 30 minutes (Figure 6.13b) and 
60 minutes (Figure 6.13c), aggregates can be seen close to particles which are also 
fouling the membrane.
MTP3 was carried out to investigate the effect of particulate concentration on fouling; 
The results from this experiment are presented in Figure 6.14. It can be seen from this 
figure that after 5 minutes (Figure 6.14a), fouling is due to particulate fouling, with 
no protein aggregates visible in the pores of the membrane. After 10 minutes (Figure 
6.14b), there is more particulate fouling and aggregates are apparent between the 
particles. After 15 minutes (data not shown), the fouling is similar, and after 20 
minutes (Figure 6.14c), a greater density of particles can be seen on the membrane 
surface. Aggregates can be seen within the pores, as well as between the particles. The
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film that was visible in the model particulate experiments and could be seen in the 
dead end filtration prolonged experiment is again visible over the particles (Figure 
6.14b).
MTP4 was carried out to investigate the effect of macromolecular concentration on 
fouling; the results from this experiment are presented in Figure 6.15. After 5 minutes 
(Figure 6.15a), aggregates can be seen within the pores. After 15 minutes (Figure 
6.15b), there are more particles visible on the membrane surface, but protein 
aggregates are still visible within the pores. This is also the case after 20 minutes 
(Figure 6.15c).
Finally, MTP5 was carried out to determine the effect of Reynolds number on 
membrane fouling; the results from this experiment are presented in Figure 6.16; the 
pictures were over exposed in developing. After 20 minutes (Figure 6.16a), particles 
can be seen on the membrane, with aggregates forming in the pores. This can be seen 
again after 30 minutes (Figure 6.16b), with some aggregates forming between the 
particles. After 40 minutes (Figure 6.16c), particulate and macromolecular fouling can 
again be seen on the membrane surface.
6.4.2. Discussion of the coupon results
The experiments carried out with the model particulate system showed a film on the 
surface of the particles and the membrane. Although this is not as obvious with these 
experiments, it has also been seen with the dead end experiments, and with the
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experiments with a higher particulate concentration. As discussed previously, this film 
appears due to the presence of the Vinyl Acetate particles and is not considered to be 
a real fouling phenomena.
The membrane coverage by particles after 5 minutes of dead end filtration was seen 
to be approximately 30%. This is a similar amount of coverage under the same 
conditions as with the model particulate system. Therefore, the presence of the 
macromolecule does not seem to affect the rate of particulate fouling. Once a full 
particle layer has been deposited, the protein must go through the particle layer, and 
the increased hold up of the protein by this cake causes the protein to come out of 
solution, forming aggregates (Figures 6.11b and 6.11c); these are similar to the 
aggregates seen in with the model macromolecular system, and can also be seen in the 
prolonged experiment (Figure 6.10).
In Section 4.3.2, it was discussed that there were less particles than expected on the 
membrane in the crossflow filtration of the model particulate system due to the 
experimental procedure employed at the end of a coupon experiment. To a lesser 
extent, this is also the same with these experiments; however, there are noticeably 
more particles on the membrane with the crossflow filtration experiments with the 
model fermentation broth than with the model particulate system. The difference 
between the experimental procedure at the end of these experiments and those carried 
out with the model particulate system is the fixing of the model fermentation broth 
fouling layer with glutaraldehyde (Section 3.5.1). This does not fix the particles onto
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the membrane, but will fix the protein around the particles into place, thus making the 
removal of the particles more difficult. However, there is still less coverage of the 
membrane than was expected, and as such, these data are only indicative of the 
relative extent of membrane fouling at different conditions after different times.
As with the dead end filtration experiments, the particulate fouling in the crossflow 
mode is very similar to that seen with the model particulate system, and the presence 
of the macromolecules has little effect on the particulate fouling; that is, a cake layer 
formed on the membrane surface, and the equilibrium achieved between the rate of 
deposition of particles and the rate of back scouring, limited further cake build up. 
This agrees with the prediction made in Section 6.2 for the particulate fouling. The 
extent of particulate fouling increased with transmembrane pressure and particle 
concentration, but was independent of macromolecular concentration and decreased 
with Reynolds number.
Macromolecular fouling took place in the crossflow filtration experiments by the 
formation of aggregates, both within the pores and between the particles. The 
aggregates were formed in the same way as with the model macromolecular system; 
concentration polarisation within the pores of the membrane forcing the protein out 
of solution forming aggregates within the pores, and this agrees with the predictions 
made in Section 6.2. However, whereas the fouling with the model macromolecular 
system continued, resulting in the formation of strands due to concentration 
polarisation at the membrane surface, the solubility limit of the protein was not
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reached in the experiments with the model fermentation broth outside of the pores. 
Furthermore, the aggregates did not lead to the formation of a mesh towards the end 
of a run. Although aggregate formation was predicted in Section 6.2 , none of the 
other fouling phenomena predicted from the model macromolecular system occur in 
the model fermentation broth.
6.4.3. Coupon experiment conclusions
It may be concluded from these results that in both dead end and crossflow modes, 
the particulate fouling occurs in the same way as for the model particulate system; the 
formation of a cake layer on the surface, which is reduced in crossflow mode by the 
equilibrium between the rate of particle deposition and the rate of back scouring of 
particles.
The macromolecular fouling takes place due to concentration polarisation within the 
pores, forming aggregates. However, unlike the experiments with the model 
macromolecular system, the concentration at the membrane surface does not reach the 
solubility limit, so strands do not form. Macromolecular fouling continues by forming 
aggregates, both within the pores and between the particles which form the cake layer. 
However, no fouling mesh is formed on the membrane surface at the end of a run. It 
is proposed that the presence of the particles prevents a concentration polarisation 
layer building up on the membrane surface.
The particulate fouling could be predicted by examining the results from the model
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particulate system, in Section 6.2. However, although it was possible to predict the 
presence of protein aggregates, both within the pores and in the fouling cake, the 
strands and the mesh which were predicted in Section 6.2 did not occur.
6.5. Comparison of Module and Coupon Experiments
The module results showed that the rate and extent of fouling increased with 
transmembrane pressure and particulate concentration, decreased with Reynolds 
number (up to a value of 8000), but were independent of macromolecular 
concentration. These results have been corroborated by the coupon results and could 
be predicted by considering the results from the individual systems.
It was predicted that the flux decline curve would show a discontinuity, due to the 
formation and subsequent break up of macromolecular strands. However, although this 
discontinuity was seen in the module experiments, the strands which were indicative 
of the two mechanisms were not seen in the coupon experiments. Therefore, although 
a discontinuity did occur in the flux decline curve, it was not for the reason predicted 
in Section 6.2 and it must be concluded that this prediction is a coincidence.
In the model fermentation broth, the discontinuity in the flux decline curve coincides 
approximately with the end of the initial period of constant filtrate concentration seen 
in the concentration decline curve (Figure 6.6). Therefore, during this period, the 
fouling at the membrane surface does not appear to prevent the transmission of protein 
through the membrane. The coupon experiments showed that aggregates form in the
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pores early on in an experiment; however, the module results show that their existence 
does not result in a decrease in the filtrate concentration; these observations would 
seem to contradict each other. Additionally, increasing the transmembrane pressure and 
the particulate concentration increases the filtrate concentration obtained at the end of 
a run. It would be expected that increasing these parameters would result in an 
increase in particulate fouling, which would in turn lead to a fall in filtrate 
concentration due to the increased resistance to flow at the membrane.
A mechanism will now be proposed which will both resolve the contradictions 
highlighted above and account for all of the data which do agree with the predictions 
made in Section 6.2. Initially, fouling takes place due to particle deposition onto the 
membrane surface and the formation of aggregates within the pores due to 
concentration polarisation. As the extent of fouling increases, the chances of particles 
landing on pores which have already been fouled by aggregates also increases. These 
particles win seal the pores, causing the aggregates to dissolve and the protein diffuses 
through the membrane due to the concentration gradient between the mouth of the 
sealed pore and the filtrate side of the membrane. As the extent of the fouling 
increases, the rate of deposition of particles decreases until an equilibrium is reached 
with the rate of particle removal due to scouring. As this equilibrium is approached, 
the rate at which the protein aggregates dissolve decreases and protein fouling 
becomes significant. This fouling mechanism is responsible for the flux decline 
kinetics prior to the discontinuity. Subsequently, a more gradual decline in the flux is 
observed as there is an increase in the amount of protein held up at the membrane
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surface. This causes the filtrate concentration to decrease, until a full fouling layer has 
formed. This mechanism describes the flux decline and the filtrate concentration 
kinetics after the discontinuity.
Increasing the transmembrane pressure and the particulate concentration increases both 
the rate and extent of membrane fouling. As the rate of fouling increases, the 
possibility of particles landing on pores which contain protein aggregates also 
increases. From the mechanism proposed above, this should increase the amount of 
protein which passes through the membrane; this is corroborated by results from the 
module experiments.
In the fouling mechanism proposed above, the only macromolecular fouling which 
takes place is due to aggregates forming within the pores and within the particulate 
cake; a concentration polarisation layer cannot build up on the membrane surface, as 
it did with the model macromolecular system. This agrees with work carried out by 
other researchers in this field'^^, who have shown that the presence of clay particles 
dismpted the gel layer formed by dextran macromolecules; this led to an increase in 
flux compared with experiments carried out using dextran alone^^ .^ Although the 
results presented in this chapter do not show an increase in the flux, the presence of 
particles seems to have prevented the formation of strands and an eventual mesh on 
the membrane surface, which has resulted in an increase in the permeability of the 
membrane.
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6 .6 . C o n c lu s io n s  fr o m  th e  M o d e l F e r m e n ta t io n  B ro th
Vinyl Acetate particles suspended in a BSA solution has been used as a model 
fermentation broth. The module experiments have shown the variation of the rate and 
the extent of fouling with each of the process parameters could be predicted by 
considering the results from the individual systems. Two regions of exponential flux 
decline were evident, suggesting a change in the fouling mechanism during the 
experiment; again, this could be predicted by considering the results from the 
individual systems. A discontinuity was also seen in the concentration decline data, 
and the final filtrate concentration increased with transmembrane pressure and 
particulate and macromolecular concentration, but was independent of Reynolds 
number. These results could not be predicted by considering the results from the 
individual systems.
The coupon experiments have shown that where particles and macromolecules foul the 
membrane separately, the particles form a cake, and the macromolecules form 
aggregates. When they foul the same section of the membrane, aggregates form within 
the particulate cake. This could be predicted by considering the results from the 
individual systems. However, the strands formed by concentration polarisation at the 
membrane surface, observed in the model macromolecular system do not appear in the 
presence of particles, and this indicates that the successful prediction of two fouling 
mechanisms was due to coincidence.
To account for the discrepancies from the predictions made by considering the
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individual systems, the following fouling mechanism has been proposed: particles form 
a cake on the membrane, while particles form aggregates in the pores. When particles 
land on top of aggregates, the protein dissolves and passes into the filtrate. As the rate 
of particle deposition decreases, macromolecular fouling becomes significant 
aggregates last for longer and the filtrate concentration decreases. This mechanism 
could not be predicted by considering the results from the individual systems, but is 
capable of describing all of the results from the module and the coupon experiments 
carried out with the model fermentation broth.
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CHAPTER 7 
CLOSING DISCUSSION AND CONCLUSIONS
7.1. Closing Discussion
The aim of this dissertation was to determine the mechanism for membrane fouling 
during the crossflow filtration of a model fermentation broth. This has been achieved 
by carrying out experiments using filter modules to determine the fouling kinetics and 
using filter coupons to visualise the extent and nature of membrane fouling with time. 
Experiments were initially carried out to determine the fouling mechanism during the 
crossflow filtration of a model particulate suspension and a model macromolecular 
solution independently. These results were then used to predict the fouling mechanism 
for the crossflow filtration of a model fermentation broth of the particles suspended 
in the macromolecular solution.
The reasons for the use of BSA as the model macromolecule have been discussed in 
Section 5.2.2, and BSA has been widely used in studies concerning membrane fouling 
during the crossflow filtration of macromolecules. It has been proposed in this 
dissertation (Chapter 5) that the mechanism for membrane fouling by BSA can be 
explained by concentration polarisation. It can be seen from these results that 
concentration polarisation can result in different types of membrane fouling depending 
on the state of the membrane and the system conditions. In these experiments it has 
resulted in the formation of aggregates within the pores of the membrane, as well as 
the formation of strands and eventually a mesh on the membrane surface. This
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mechanism for membrane fouling by BSA leads to one of two conclusions; either 
membrane fouling by macromolecules is a complex process, or BSA is a not typical 
macromolecule. If macromolecular fouling is a complex process, then a mechanistic 
approach is needed to describe this. However, if BSA is not a typical macromolecule  ^
then experiments should be carried out using another model system which is more 
typical of macromolecules in general. It is clear that similar experiments should be 
carried out using other macromolecules to resolve this issue.
It has been shown that the presence of a particulate suspension in the macromolecular 
solution causes disruption of the macromolecular fouling, which increases the 
permeability of the macromolecules through the membrane. Indeed, at high particulate 
concentration, the decline in the filtrate concentration is negligible. This means that 
the separation of the macromolecules from the particles is more efficient at higher 
particulate concentration; however, the increased fouling results in a decrease in the 
overall flux. During a typical crossflow filtration process, the particulate concentration 
increases as the filtrate is taken off as product. This means that as a process continues, 
the efficiency of the separation of the particles from the macromolecules should 
increase, until there is negligible rejection of the macromolecule fi:om the filtrate. 
Therefore, for processes where the main objective is the separation of the 
macromolecule from the particle, and a lower flux can be tolerated, it may not be 
advantageous to fully remove the particle fouling layer while using defouling 
techniques such as backwashing; although this would increase the flux, it may allow 
the build up of macromolecular fouling, which would decrease the separation.
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Particles were added to the model macromolecular system to produce the model 
fermentation broth. These prevented the formation and subsequent break up of the 
strands which had been identified as being responsible for the discontinuity in the 
model macromolecular system, by interfering with the build up of the concentration 
polarisation layer at the surface. However, the presence of the particles did contribute 
further to the membrane fouling. If a technique could be developed which disrupted 
the layer in the same way as the particles, while not contributing to fouling, then this 
may improve the performance of the process.
Much of the work that has been carried out in the crossflow filtration of biological 
material has used kinetic models to explain the fouling that is occurring. In these 
experiments, it has been shown that, although it was possible to predict some of the 
fouling kinetics for the model fermentation broth by using the results from the 
individual systems, these predictions could not successfully predict the fouling 
mechanism. When the constant pressure blocking laws were fitted to the experimental 
data, it was usually seen that more than one of these models could be fitted 
satisfactorily. Therefore, it has been demonstrated that the use of the kinetic data alone 
is not enough to determine the mechanism for membrane fouling during crossflow 
filtration.
In these studies, experiments have been carried out which visualise the extent of 
fouling at different times and under different conditions during a typical crossflow 
filtration run. These experiments have enabled a consistent fouling mechanism to be
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proposed for each of the three systems investigated. Although this approach is time 
consuming, it is only through the use of the visualisation experiments that the 
differences between the predicted and the actual fouling mechanism for the model 
fermentation broth could be explained. Additionally, it is only due to the visualisation 
experiments that the complex nature of BSA fouling could be identified. Therefore, 
in order to carry out further studies into the identification of the mechanism for 
membrane fouling, studies should be carried out to visualise the build up of the 
fouling layer in parallel with kinetic studies which provide quantitative data for the 
decline in flux. In this way a mechanistic model of the membrane fouling process 
could be built.
By employing the type of studies developed here, the effect of the various disruption 
techniques can be properly examined. For example, an examination of the membrane 
surface directly before and after a period of backwashing will show the direct effect 
of this technique. It is likely that different defouling techniques will cause the removal 
of the particulate and macromolecular fouling in different ways. In this case, it may 
be possible to develop ‘designer’ anti-fouling techniques, depending on the condition 
of the feed and the requirements of the filtrate and the retentate. From the fouling 
mechanism proposed for the model fermentation broth, it may be expected that back 
washing would remove the particle cake from the membrane surface; however, 
although some of the protein aggregates would dissolve in the backwash, it is likely 
that others would remain within the pores. Therefore, it is possible that backwashing 
would increase macromolecular fouling and result in a decrease in the permeability
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of the membrane.
Throughout these experiments, reference has been made to the use of the Vinyl 
Acetate particles suspended in the BSA solution as being a model fermentation broth; 
the reasons for the use of a model system have been discussed in the dissertation. It 
is likely that in the crossflow filtration of a real system, the particles will foul the 
membrane in a similar fashion to the model particles seen in these experiments, by 
forming a cake on the membrane surface. Due to the number of different 
macromolecules in a real fermentation broth, it is unlikely that the fouling will be as 
distinct as that which was seen during the crossflow filtration of the model 
fermentation broth. Different macromolecules will have different solubility 
concentrations, depending how close each is to its specific isoelectric point. This may 
mean that some of the macromolecules could come out of solution at lower 
concentrations than BSA and fouling may take place on the membrane surface, despite 
the presence of the particles.
To investigate the effect of real particles, experiments should initially be carried out 
with particles suspended in the model macromolecular solution; therefore, any 
difference in the fouling compare with the model fermentation broth is due to the 
particles. Within a real fermentation broth, there is a much greater range of 
macromolecules than has been investigated in this research; these may come from the 
original wort, or be associated with the propagation of the particles during the 
fermentation. Therefore, before a reasoned prediction can be made as to the nature of
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this in a real fermentation broth, experiments need to be conducted to investigate the 
crossflow filtration of a solution containing more than one macromolecule. 
Experiments should then be carried out using the model particulate suspension, before 
the fouling mechanism during the crossflow filtration of a the real fermentation broth 
is investigated.
7.2. Overall Conclusions
The objectives of this work have been met in that:
a) quantitative data with respect to flux decline with the model systems has been 
obtained and analysed;
b) the extent and nature of the fouling layer due to the crossflow filtration of the 
model systems has been visualised;
c) the findings from the individual systems have been used to predict the fouling 
mechanism for the mixed system; and finally,
d) the fouling mechanism for membrane fouling during the crossflow filtration of 
a model fermentation broth has been proposed which accounts for both the 
kinetic data obtained from the module experiments, and the nature of the 
fouling layer observed on the coupon in the visualisation experiments.
A number of conclusions can be drawn from this work:
a) the fouling mechanism for the crossflow filtration of a Vinyl Acetate
suspension is due to the formation of a partial cake layer on the membrane 
surface;
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b) a four part fouling mechanism was identified for the crossflow filtration of a 
BSA solution: initially aggregates formed within the pores; the concentration 
at the membrane surface increased until protein came out of solution as 
strands; the strands disappeared causing increased aggregation in the pores; 
finally, a mesh formed on the membrane surface;
c) the fouling mechanism for Vinyl Acetate suspended in a BSA solution is 
initially due to cake formation by the particles, with macromolecular fouling 
becoming significant during the process; and,
d) in the model fermentation broth, particles interfered with the build up of the 
macromolecular fouling layer, causing greater permeability of the 
macromolecules through the membrane.
7.3. Recommendations for Future Work
With regard to the work carried out on the model fermentation broth in this
dissertation, it is recommended that the following work is conducted:
a) an investigation of the other parameters that will effect the mechanism for 
fouling during the crossflow filtration of a fermentation broth, pH, ionic 
strength, temperature, should be carried out using the same techniques 
developed in this research;
b) a conceptual model of membrane fouling during the crossflow filtration of the 
model macromolecular system and the model fermentation broth should be 
developed; and,
c) the mechanism for fouling during the crossflow filtration of other proteins
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should be carried out to confirm that the results for BSA are representative.
The eventual aim of this project is the determination of the fouling mechanism during 
the crossflow filtration of a real fermentation broth. To this end, the following 
recommendations for work using the methodology developed in this research are 
made:
a) the mechanism for fouling during the crossflow filtration of different 
macromolecules in the same solution should be determined, to identify the 
mutual effect that macromolecules have on each other during membrane 
fouling;
b) the mechanism for fouling during the crossflow filtration of yeast particles 
suspended in a model macromolecular solution and the mechanism for fouling 
for the model particles suspended in a fermentation broth should be 
determined; and,
c) the mechanism for fouling during the crossflow filtration of a real fermentation 
broth should then be determined, using the results from the previous studies.
It has been shown that in combination with kinetic studies, visualisation experiments 
can be used to identify the mechanism by which fouling occurs during crossflow 
filtration. Therefore, it is recommended that the following research is conducted:
a) visualisation of the membrane fouling before and after anti-fouling techniques, 
such as back washing and pulsing, are applied should be conducted to directly 
evaluate the nature by which these disrupt the membrane fouling; and,
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b) a comparison of the fouling layer with and without baffles should be conducted 
to evaluate the effect that these have on the build up of the fouling layer.
Since the mid 1980’s, crossflow filtration as a separation process for yeast 
fermentation broths has become increasingly desirable from an economic point of 
view. However, a lack of detailed understanding of the mechanisms by which particles 
and macromolecules foul the membrane has limited the widespread application of 
crossflow filtration in this industry. The techniques developed in this research have 
allowed the interactions between particulate and macromolecular fouling to be 
identified. By applying these techniques to a real system, it will be possible to 
understand the fouling mechanism for the crossflow filtration of a yeast fermentation 
broth.
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ADDENDUM
Introduction
Following the discussions ensuing from the viva voce, the following amendments to 
arguments contained in the text should be considered in reading this dissertation. 
These fall into two main areas: the use of Reynolds numbers as opposed to shear rate 
or shear stress to describe the effect of tangential flow; and, the effect that 
concentration polarisation has on the flux decline during the crossflow filtration 
process. Other points will be considered at the end of this section.
1. The use of Reynolds number
Throughout the dissertation, Reynolds number has been used as the measure of the 
tangential flow of the feed. However, within the discussion sections, mention is made 
of the shear at the membrane surface. A measure of the shear at the membrane surface 
is the shear stress; this is directly related to the pressure drop along the membrane 
(Equation Add(l)), where Ro is the shear stress at the membrane surface (N m'^), AP^  
is the pressure loss due to friction along the tube (N m'^), r is the radius of the tube 
(m) and 1 is the length of the tube (m). Due to the short length of the filter tube used 
in these experiment, compared with the error on the pressure gauges (Section 3.2.3
/?o=Aiyr/2/) Add(l)
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page 33), there is little discernable difference between the pressure drops over the 
range of Reynolds numbers used, with the pressure drop being between 0.1 bar and
0.2 bar (± 0.1 bar). Therefore, the shear stress can be calculated as being between 15 
and 30 N m " (± 15 N m' )^. The shear rate at the membrane surface is calculated as 
being the shear stress divided by the viscosity. Shear rate (y s ') can also be related to 
the feed flow rate (Q s'*) for laminar flow^ by Equation Add(2).
Yo=4Q/(7tr )^ Add(2)
However, the values for turbulent flow cannot be easily derived from the feed flow 
rate. Therefore, if the measures of the shear at the membrane surface were to be used 
to describe the effect of the tangential flow of the feed, this would have to be 
calculated using the experimental pressure drop along the tube; this is impractible due 
to the large errors on the readings.
2. The effect of concentration polarisation
Throughout the discussion in Chapter 5, the decline in flux due to fouling has been 
attributed to the concentration of the macromolecule at the membrane surface reaching 
a solubility limit of approximately 400 g 1'*; resulting in precipitation. However, this 
explanation does not take into consideration all of the effects of concentration 
polarisation^:
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i) changes in the physico-chemical properties within the membrane boundary 
layer (for example, increasing the viscosity of the solute),
ii) osmotic pressure increases that partially offset the applied pressure difference,
iii) changes in the membrane properties due to membrane-solute interactions (for 
example, fouling due to adsorption), and
iv) the potential of gelation at sufficiently high surface concentrations.
The arguments presented in Chapter 5 relate the membrane fouling to a combination 
of effects i) and iv), i.e., an increase in viscosity at the membrane surface followed 
by gelation of the macromolecule at the membrane surface. However, as these effects 
are taking place during the crossflow filtration of BSA, it must also be considered that 
the other effects (increased osmotic pressure and membrane-solute interactions) are 
also taking place. Indeed, in Appendix D, it is demonstrated that protein adsorption 
to the membrane does occur for the two hour duration of an experiment, so it must 
be considered that adsoiption of the protein to the membrane has a major effect in the 
fouling.
The presence of adsorbed material on the membrane is corroborated by the lower 
protein concentration measured in the filtrate after five minutes of an experimental run
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(Figure 5.5). This had previously been explained by the time lag between filtrate 
passing through the membrane and reaching the sample point; however, this time lag 
should be approximately 2 minutes, and it is probable that this slightly lower value is 
due to the initial adsorption of protein onto the pore walls. Section 5.2.2 (page 74) 
states that the rejection of protein "is due to the formation of a fouling layer which 
inhibits the passage of macromolecules into the filtrate"; however, it is also possible 
that the reduction in protein concentration in the filtrate is due to protein being 
adsorbed onto the membrane. It has been stated within the dissertation that some 
adsorption takes place (pp. 89 to 90) to initiate the formation of aggregates; it is now 
thought that the extent of adsorption is greater that previously considered.
Jonsson^ showed the osmotic pressure of concentrated macromolecular solutions to 
be much higher than had previously been assumed. It is reported that for BSA 
concentrations of 475 g 1'*, which is similar to the gel concentration assumed in this 
dissertation (page 81), that the osmotic pressure is comparable to the applied 
transmembrane pressure. This leads to the assumption that this is the major factor in 
the reduction in flux rather than the rapid build up of a gel layer (pp. 94-95). This is 
consistent with the coupon experiments carried out with the model macromolecular 
system, which show the mesh layer to be formed after 30 to 40 minutes, depending
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on the conditions (Table 5.4, page 87), rather than in the first few seconds of a run 
which is when concentration polarisation has been seen to act"^ . Concentration 
polarisation is acting to a much lower level and more quickly than originally thought 
(pp. 90-92), with the increase in osmotic pressure causing the rapid reduction in flux. 
This also means that the concentration of the macromolecule at the membrane surface 
is much lower than proposed in this dissertation (page 95). This is consistent with the 
results for the filtrate concentration which shows that the amount of macromolecule 
passing through the membrane increases with feed concentration (Figure 5.5b); if a 
highly concentrated barrier was formed on the membrane surface, then it may be 
expected that the transfer of macromolecules from this into the filtrate should be 
independent of feed concentration.
In this case, the reduction of flux is due in part to the reduction in the transmembrane 
pressure driving force caused by the increase in osmotic pressure, and to the 
adsorption of the macromolecule onto the surface of the membrane. The four stages 
of fouling identified during the visualisation experiments (Figure 5.21 for the 
schematic of this) can also be explained by this mechanism. As the protein adsorption 
is initially rapid, large concentrations of proteins are formed in the pores, which causes 
the aggregates to form; these do not form on the membrane surface as the
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concentration is at a much lower level. The strands are formed on the membrane 
surface due to areas of high resistance to flow within the membrane; it is possible that 
the tangential nature of these strands is due to vortices being formed in the flow. The 
disruption of these strands causes the increased presence of aggregates within the 
pores; however, due to the high osmotic pressure at the membrane surface, these do 
not cause a substantial decrease in the flux. The fouling mesh then forms as a result 
of these aggregates linking from within the pores, not as a result of the high 
concentration at the membrane surface.
Although this interpretation of the fouling mechanism is substantially different to the 
one given in the main body of the dissertation, the main conclusions from this work 
are the same. A mechanistic approach is needed to fully describe the fouling 
mechanism during the crossflow filtration of a BSA solution, due to the complex 
nature of the fouling mechanism. This approach should take into consideration the 
increase in concentration at the membrane surface, and resultant increase in viscosity 
due to concentration polarisation as well as the increase in osmotic pressure and the 
membrane solute interactions.
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3. Miscellaneous
3.1. Membrane charge
The isoelectric point of BSA is at a pH of 4.9, whereas the these experiments were 
carried out at a pH of 7.0. Therefore, the protein has a net negative charge. The 
membrane, which is made of titanium oxide, is neutral at a pH of 7.0. This means that 
there will not be a strong attraction or rejection between the membrane and the solute, 
making some adsorption of the solute to the membrane likely. This is corroborated by 
Appendix D, which shows that adsorption of the membrane takes place, and by the 
work presented in Section 2 of this Addendum.
3.2. Observed membrane fouling
The work presented in Section 5.3 of this dissertation shows the four part fouling 
mechanism observed for membrane fouling during the crossflow filtration of BSA. 
The experimental procedure for this (Section 3.5.1, pp. 40-41) is that the protein is 
fixed to the membrane while the transmembrane pressure is still being applied, to 
prevent diffusion of the protein away from the membrane. Therefore, it is possible that 
the glutaraldehyde is fixing the protein in the concentration polarisation layer, and not 
showing the true nature of the membrane fouling.
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The results presented in Figures 5.16 to 5.20, showing the formation of strands 
followed by a mesh on the membrane surface are corroborated by the fact that the 
same stages in the same order were seen in each time profile. Additionally Sheldon 
et a f  present the same mesh stmcture for BSA, albeit on a polysulphone membrane 
with a much smaller pore size by carrying out transmission electron microscopy.
To fully confirm that the fixing of the BSA by glutaraldehyde has no effect on the 
structure of the protein fouling, TP4 (page 86) was repeated, fixing the protein after 
the transmembrane pressure had been removed. These results again showed strand 
formation after 5 minutes, with aggregates fouling within the pores. A partial mesh 
was again seen after 20 minutes, although this was not as clear as when the protein 
was fixed when the transmembrane pressure was being applied; it is probable that this 
is due to some diffusion away from the membrane after the transmembrane pressure 
was released. However, these result prove that the fixing of the BSA by 
glutaraldehyde has no effect on the structure of the protein fouling.
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Stainless steel
Pressure gauge
filter housing jibber membrane seal
Carbosep membraneFitting for
Figure 3.3a - Fixing the membrane in place
Pressure Gauge
Blanks preventing filtate flow through this outlet
oRubber O-Ring
Hose connector for 
inlet/outlet flow
Figure 3.3b - Connections to the Filter housing
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Figure 3.4
Photographs o f  the F ilter H ou sin gs  
for the C oupon E xperim ents
r
Figure 3.4a - The filter housing for the Dead End Filtration Coupon Experiment
mÊÊÊÊÈÊm
Figure 3.4b - The filter housing for the Crossflow Filtration Coupon Experiment
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Figure 3.5
S chem atic  to sh ow  the con cep t  
behind the C oupon E xperim ents
C rossflow  M o d e
Constant velocity on inside of chamber.
Protein Fixer
Feed
D ead  End M od eNo flow.
Constant pressure applied at both ends.
Retentate
i
Filtrate
Filter Coupon
Support for coupons
Protein Fixer
Feed SZ2
1
Filtrate
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Figure 3.6
Set up for the M od u le  E xperim ents
Cooling Water
Filtrate
Sample
Carbosep
Filter
0.45pm
Pressure Relief Valve
£eed
To DrainVane Pump
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Figure 3.7
Set up for C oupon E xperim ents
Glutaraldehyde for fixing BSA
Figure 3.7a - Dead End Filtration Apparatus
Glutaraldehyde for fixing BSA
• M -
Figure 3.7b - Crossflow Filtration Apparatus
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Figure 3.8
C alibration Curve for the 
Spectrophotom eter R eadings
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Figure 3.10
S ize  distribution o f  the V in y l A cetate  particles 
(Supplied by Rhone Poulenc)
100
II
0.1 1 10 60
Particle Diameter (jam)
Mean Particle Diameter = 2.62 jam 
Diameter at which 10% are smMler =1.12 jam 
Diameter at which 10 % are larger = 5.52 jam
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Figure 4.1a
A  T yp ica l P rofile  for  
F lu x  against T im e
Ptm = 0.5 bar; Concentration = 1 x 10^  particles ml*^ ; Re = 7000
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Figure 4.1b
A  Sch em atic  o f  a Typical 
P rofile  for F lu x  against T im e
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Figure 4.3
F lu x  against tim e for the  
P rolon ged  E xperim ent
Ptm =1.0 bar; Concentration = 1 x 10 particles ml ; Re = 6400
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150 200 250
Time (mins)
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Figure 4.5
A  T ypical Fit for the  
C om p lete  B lock in g  L aw  to  
the E xperim ental D ata
Ptm = 0.5 bar; Concentration = 1 x 10 particles ml ; Re = 7000
500
450
400
350
300
250
^  200
150
100
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (mins)
F-16
Figure 4.6
A  T ypical F it for the  
Interm ediate B lo ck in g  L aw  to  
the E xperim ental D ata
Ptm = 0.5 bar; Concentration = 1 x 1 0  particles ml ; Re = 7000
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Figure 4.8
A  T ypical Fit for the  
C ake Filtration L aw  to  
the E xperim ental D ata
Ptm = 0.5 bar; Concentration = 1 x lo’ particles ml ; Re = 7000
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Figure 4.10
Variation o f  the C ake S p ec ific  R esistan ce  
w ith  Transm em brane Pressure  
and C oncentration
0.4 0.6 0.8Transmembrane Pressure (bar)
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Figure 4.11
D ead  E nd Filtration E xperim ent
Ptm = 0.5 bar; Concentration = 1 x 10 particles ml^ ; Re = 6000
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tL( 200 -
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Figure 4.12a
F it for the Interm ediate B lo ck in g  L aw  
to  the P rolonged  E xperim ent
Ptm =1.0 bar; Concentration = 1 x 10 particles ml ; Re = 6400
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Figure 4.12b
Fit for the C ake Filtration L aw  
to the P rolonged  E xperim ent
Ptm = 1.0 bar; Concentration = 1 x 10 particles ml ; Re = 6400
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Figure 4.13
P rolonged D ead  End E xperim ent 
w ith the M od el Particulate S ystem
Ptm =1.0 bar; Cone. = 1x10^ particles ml'^
Figure 4.13a - Dead End Coupon after 2 hours; view from above
Figure 4.13b- Dead End Coupon after 2 hours; side view
Figure 4.13c- Dead End Coupon after 2 hours; side view
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Figure 4.14
T im e P rofile  D ead  End E xperim ent 
w ith the M od el Particulate S ystem
Ptm =1.0 bar; Cone. = 1 x 10^  particles ml'^
Figure 4.14a - Dead End Coupon after 4 minutes; view from above
Figure 4.14b- Dead End Coupon after 10 minutes; view from above
2 0 K V  2 5  0 2 6  S
Figure 4.14c- Dead End Coupon after 25 minutes; side view
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Figure 4.15
C rossflow  T im e P rofile  E xperim ent
w ith the M od el Particulate S ystem  
Ptm =1.0 bar; Cone. = 1 x 10® particles ml'*
Figure 4.15a - Crossflow Coupon after 3 minutes; view from above
Figure 4.15b- Crossflow Coupon after 10 minutes; side view
Figure 4.15c- Crossflow Coupon after 40 minutes; view from above
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Figure 4.16
C rossflow  T im e P rofile  E xperim ent 
w ith the M od el Particulate S ystem
at L ow er Transm em brane Pressure  
Ptm = 0.5 bar; Cone. = 1x10^ particles ml'^
Figure 4.16a - Crossflow Coupon after 10 minutes; view from above
Figure 4.16b- Crossflow Coupon after 40 minutes; view from above
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Figure 4.17
Fit for the N e w  C ake Filtration M o d e l  
to  the P rolonged  Experim ent
7 -1Ptm =1.0 bar; Concentration = 1 x 10 particles ml ; Re = 6400
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Figure 4.19
E ffec t o f  the P rocess Param eters on  
the F itted  Param eter to the  
N e w  C ake Filtration L aw
0.4 0.6 0.8 1
Transmembrane Pressure (bar) 
Concentration = IxlO particles mi '; Re = 5300
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Figure 5.1a
A  T ypical P rofile  for 
F lu x  against T im e
Ptm = 0.5 bar; Concentration = 0.7 g l ' ; Re = 8000
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Figure 5.1b
A  T ypical P rofile  for Filtrate 
C oncentration against T im e
Ptm = 0.5 bar; Concentration = 0.7 g 1 ; Re = 8000
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (mins)
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Figure 5.3
F lu x  against tim e for the  
P rolonged  E xperim ent
Ptm = 0.5 bar; Concentration = 1.0 g F ; Re = 8000
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V 240
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Time (mins)
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Figure 5.6
Filtrate R ejection  against tim e
Time (mins)
Ptm = 0.5; Re = 8000
0.5 g r  + 1.0 gl ' 0.7 g r  " 1.5 gl '
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Figure 5.7
Fit for the C om p lete  B lock in g  L aw  
to the E xperim ental D ata
Ptm = 0.5 bar; Concentration = 0.7 g l ' ; Re = 8000
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Time (mins)
Line of best fit to the complete blocking law
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Figure 5.8
Fit for the Standard B lock in g  L aw  
to the E xperim ental D ata
Ptm = 0.5 bar; Concentration = 0.7 g I ; Re = 8000
450
400
350
300
"b 250
200
150
100
10 20 30 40 50 60 70 80 90 100 110 120 1300
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Line of best fit to the standard blocking law
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Figure 5.9
L og  flu x  against T im e  
for a typ ica l E xperim ent
Ptm = 0.5 bar; Concentrtaion = 1 g 1"’; Re = 6000
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--------------- Least Squares Regression Fit
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Figure 5.11
Fit for the C om p lete  B lock in g  L aw  
to the In itia l Section  o f  the D ata
Ptm = 0.5 bar; Concentration = 0.7 g 1* ; Re = 8000
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Line of best fit to the complete blocking law
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Figure 5.12
Fit for the Standard B lo ck in g  L aw  
to  the Initial S ection  o f  the D ata
Ptm = 0.5 bar; Concentration = 0.7 g I' ; Re = 8000
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Line of best fit to the standard blocking law
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Figure 5.13
P rolonged  D ead  End E xperim ent w ith  
the M od el M acrom olecu lar System  
Ptm =1.0 bar; Cone. = 1 g 1 *^  . r-*’ -
Figure 5.13a - Dead End Coupon after 2 hours; view from above
Figure 5.13b- Dead End Coupon after 2 hours; view from above
Figure 5.13c- Dead End Coupon after 2 hours; view from above
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Figure 5.14
D ead  End Filtration T im e Profile  
w ith  the M od el M acrom olecu lar System
Ptm =1.0 bar; Cone. = 1 g l ’
a Thin strands over pores
lOKV 08 022
Figure 5.14a - Dead End Coupon after 6 minutes; view from above
Strands form 
mesh over pores
Figure 5.14b - Dead End Coupon after 10 minutes; view from above
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Figure 5.14 (cont.)
D ead  End F iltration T im e P rofile  
w ith  the M od el M acrom olecu lar S ystem  
Ptm =1.0 bar; Cone. = 1 g T*
W :
Full fouling mesh
1 :
Clear membrane
Figure 5.14e - Dead End Coupon after 20 minutes; view from above
ê i i Ê m
Long thin strand over 
membrane surfaee
lOKV O t 01Û
Figure 5.14d - Dead End Coupon after 40 minutes; view from above
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Figure 5.15
D ead End Filtration T im e Profile  
w ith  the M od el M acrom olecu lar S ystem
Ptm = 0.5 bar; Cone. = 1 g l '
j
1OKV 08
Aggregates 
in pores
*
Figure 5.15a - Dead End Coupon after 10 minutes; view from above
— C- V  *Vf
t A
T— »  - u  -
Strands form a 
mesh over pores
Figure 5.15b - Dead End Coupon after 40 minutes; view from above
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Figure 5.16
Initial C rossflow  E xperim ent (T P l)  w ith  
the M od el M acrom olecu lar S ystem
Ptm = 1.0 bar; Cone. = 1 g 1'^ ; Re - unknown
lOKV 01  0 0 2
Direetion of flow
ggregates in pores
Figure 5.16a - Crossflow Coupon after 5 minutes; view from above
Direetion of flow
Long thin strands on 
membrane surfaee
Figure 5.16b - Crossflow Coupon after 10 minutes; view from above
Inereased number of 
aggregates eausing fouling 
on the membrane surfaee
h'
lO K V  0 3  0 0 8
Figure 5.16e - Crossflow Coupon after 40 minutes; view from above
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Figure 5.17
C rossflow  Filtration E xperim ent (T P 2)
w ith  the M od el M acrom olecu lar S ystem  
Ptm =1.0 bar; Cone. = 1 g 1'^ ; Re = 6000
Direetion of flow
rotem aggregates 
within the pores
Figure 5.17a - Crossflow Coupon after 5 minutes; view from above
Direetion of flow
Protein aggregates 
within the pores
Figure 5.17b - Crossflow Coupon after 15 minutes; view from above
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Figure 5.17 (cont.)
C rossflow  Filtration E xperim ent (T P 2)
w ith  the M od el M acrom olecu lar S ystem  
Ptm =1.0 bar; Cone. = 1 g 1^ ; Re = 6000
Direetion of flow
Inereased aggregation 
within the pores
Figure 5.17e - Crossflow Coupon after 20 minutes; view from above
Direetion of flow
Mesh formed on 
e membrane surfaee
Figure 5.17d - Crossflow Coupon after 40 minutes; view from above
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Figure 5.18
Crossflow Filtration Experiment (TP3)
at the Lower Transmembrane Pressure
Ptm = 0.5 bar; Cone. = 1 g 1*; Re = 6000
% Direetion of flow
Protein aggregates 
within the pores
Figure 5.18a - Crossflow Coupon after 10 minutes; view from above
X
Direetion of flow
Strands forming on 
le membrane surfaee
Figure 5.18b - Crossflow Coupon after 20 minutes; view from above
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Figure 5.18 (cont.)
C rossflow  Filtration E xperim ent (T P 3)
at the L ow er Transm em brane Pressure  
Ptm = 0.5 bar; Cone. = 1 g 1* ; Re = 6000
V i M .
Direetion of flow
Strands on the 
membrane surfaee
Figure 5.18e - Crossflow Coupon after 30 minutes; view from above
Direetion of flow
Inereased aggregation 
in the pores, beginning 
to foul on the surfaee 
of the membrane
Figure 5.18d - Crossflow Coupon after 60 minutes; view from above
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Figure 5.19
Crossflow Filtration Experiment (TP4)
at the Higher Concentration
Ptm =1.0 bar; Cone. = 2 g 1'*; Re = 6000
Direction of flow
Long thin strands on 
membrane surface
2HM 9  9K V  0 5  0 1 3
Figure 5.19a - Crossflow Coupon after 5 minutes; view from above
Direction of flow
Large number of 
aggregates in pores
lO K V  1 0  0 1 6
Figure 5.19b - Crossflow Coupon after 10 minutes; view from above
Direction of flow
Formation of mesh over 
membrane surface
y  V A
No aggregates within 
the pores of the membrane
lOKV 20 022
Figure 5.19c - Crossflow Coupon after 20 minutes; view from above
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Figure 5.20
Crossflow Filtration Experiment (TP5)
at Higher Reynolds Number
Ptm =1.0 bar; Cone. = 1 g 1*^ ; Re = 8000
Direction of flow
Aggregates in pores
IHM 9 .9 K V  2 0  0 0 4
Figure 5.20a - Crossflow Coupon after 20 minutes; view from above
0
Direction of flow
Strands on 
membrane surface
Figure 5.20b - Crossflow Coupon after 30 minutes; view from above
à
Direction of flow
Mesh beginning to form 
on the membrane surface
Figure 5.20c - Crossflow Coupon after 40 minutes; view from above
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Figure 5.21
Schem atic for the F ou lin g  M echan ism  o f  B S A
1 - Protein fouling 
in pores
2 - Strands formed
tangentially to the flow
Break up of strands
3- Increased fouling in pores 
as strands disappear
4 - Mesh formed in similar 
way as with dead end filtration
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Figure 5.22
V isc o s ity  against 
C oncentration  for B S A
1.4
O*
1.2
0.8
40 80 120
Concentration (g )
160 200
F-57
Figure 6.1a
A  T ypical P rofile  for 
F lu x against T im e
500
Ptm = 0.5 bar; VA Conc. = 1 x lO’particles ml ' ; BSA Conc. = 1.5 g l' ; Re = 6000
400 -
300 -  1
200 -
40 60 80
Time (mins)
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Figure 6. lb
A  T ypical P rofile  for 
C oncentration  against T im e
Ptm = 0.5 bar; VA Conc. = 1 x 1 ^ particles ml ' ; BSA Conc. = 1.5 g l ' ; Re = 6000
w) 1.35
S 1.25
1.05
0 20 40 60 80Time (mins)
100 120
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Figure 6.3
F lu x against tim e for the  
P rolonged  E xperim ent
400 Ptm = 0.5 bar; VA conc. = 1 x 10^  particles ml ' ; BSA conc. = 1.5 g l '; Re = 6000
f: 250
g 200
150 200 250
Time (mins)
300 350
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Figure 6.6
L o g  C oncentration against T im e  
for a typ ical E xperim ent
Ptm = 0.2 bar; VA conc. = 1 x lO’ particles ml"'; BSA conc. = 1.5 g 1 '; Re = 6000
V
J  -0.1
60 80
Time (mins)
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Figure 6.7
F it for the C onstant Pressure B lo ck in g  L aw s  
to  the E xperim ental D ata
Ptm = 0.5 bar; VA Conc. = 1 x 10^ particles ml ' ; BSA Conc. = 1.0 g l ’ ; Re = 6000
320
280
240
200
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k  120
12010060 8020 400
Time (mins)
Cake Filtration Law 
Intermediate Blocking Law 
Standard Blocking Law 
Complete Blocking Law
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Figure 6.8
L o g  F lu x  against T im e  
for a typ ica l E xperim ent
Ptm = 0.5 bar; VA Cone. = 1 x lO’particles ml '; BSA Cone. = 1.0 g l '; Re = 6000
2.5
2.3
1.7
120100
Time (mins)
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Figure 6.9
Fit for the C onstant Pressure B lock in g  L aw s  
to the First Part o f  the E xperim ental D ata
Ptm = 0.5 bar; VA Cone. = 1 x lO’particles ml'^  ; BSA Cone. = 1.0 g l ' ; Re = 6000
320
280
240
160
k  120
20 40 60 80
Time (mins)
100 120
Intermediate Blocking Law 
Standard Blocking Law 
Complete Blocking Law
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Figure 6.10
P rolon ged  E xperim ent w ith the  
M o d el Ferm entation Broth
Ptm =1.0 bar; VA Cone. = 1x10^ particles ml \  BSA Cone. = 1 g l '
Maeromoleeular 
fouling between the 
particles
Figure 6.7a - Dead End Coupon after 2 hours; view from above
Maeromoleeular fouling 
between the particles
Figure 6.7b - Dead End Coupon after 2 hours; view from above
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Figure 6.11
T im e P rofile  D ead  End E xperim ent 
w ith the M od el Ferm entation Broth
Ptm =1.0 bar; VA Cone. = 1 x 10^  particles ml ^ BSA Cone. = 1 g 1 '
Membrane surface
Figure 6.1 la -Dead End Coupon after 5 minutes; view from above
...
Maeromoleeular fouling 
between the particles
lOKV 1 5  0 : 4  5
Figure 6.11b - Dead End Coupon after 15 minutes; view from above
Maeromoleeular fouling 
between the particles
Figure 6.11c - Dead End Coupon after 30 minutes; view from above
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Figure 6.12
Initial C rossflow  T im e P rofile (M T P l)  
w ith  the M od el Ferm entation Broth
Ptm =1.0 bar; VA Cone. = 1x10^ particles ml '; 
BSA Cone. = 1 g l '; Reynolds number = 6000
Direction of Flow
Aggregates in pores
Figure 6.12a -Crossflow Coupon after 10 minutes; view from above
Direction of Flow
Aggregates in pores
Particle on membrane
Figure 6.12b - Crossflow Coupon after 20 minutes; view from above
Direction of Flow
Aggregates in the Pores
Figure 6.12c - Crossflow Coupon after 40 minutes; view from above
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Figure 6.13
C rossflow  T im e P rofile  E xperim ent (M T P 2)
at L ow er T ransm em brane Pressure  
Ptm = 0.5 bar; VA Cone. = 1 x 10^  particles ml ';
BSA Cone. = 1 g r ';  Reynolds number = 6000
Direction of Flow
ides on membrane
lO 0 1 2  S
Figure 6.13a -Crossflow Coupon after 10 minutes; view from above
Direction of Flow
* - v V
article on membrane
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Figure 6.13b - Crossflow Coupon after 30 minutes; view from above
Direction of Flow 
Particles on membrane
Aggregates in the Pores
Figure 6.13c - Crossflow Coupon after 60 minutes; view from above
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Figure 6.14
C rossflow  T im e P rofile  E xperim ent (M T P 3)  
w ith  H igher Particulate C oncentration
Ptm =1.0 bar; VA Cone. = 1 x 10* particles ml ';
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Direction of Flow
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Figure 6.14a -Crossflow Coupon after 5 minutes; view from above
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Figure 6.14b - Crossflow Coupon after 10 minutes; view from above
Direction of Flow
Particles on membrane
Membrane Surface
Figure 6.14c - Crossflow Coupon after 20 minutes; view from above
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Figure 6.15
C rossflow  T im e P rofile  E xperim ent (M T P 4)  
w ith H igher M aerom oleeu lar C oncentration
Ptm = 1.0 bar; VA Cone. = 1 x 10^  particles ml ';
BSA Cone. = 2 g r ';  Reynolds Number = 6000
Direction of Flow
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Figure 6.15a -Crossflow Coupon after 5 minutes; view from above
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Figure 6.15b - Crossflow Coupon after 15 minutes; view from above
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Aggregates in pores
Figure 6.15c - Crossflow Coupon after 20 minutes; view from above
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Figure 6.16
C rossflow  T im e P rofile  E xperim ent (M T P 5) 
w ith  H igher R eyn o ld s N um ber
Ptm =1.0 bar; VA Cone. = 1x10^ particles ml ';
BSA Cone. = 1 g 1 '; Reynolds Number = 8000
Direction of Flow
Protein Aggregates
article on membrane
Figure 6.16a -Crossflow Coupon after 20 minutes; view from above
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Figure 6.16b - Crossflow Coupon after 30 minutes; view from above
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articles on membrane
Figure 6.16c - Crossflow Coupon after 40 minutes; view from above
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APPENDIX A 
EXPLANATION OF EXISTING MODELS 
A.I. - Concentration Polarisation
Ever since crossflow filtration has been used as an industrial application, concentration 
polarisation has been identified as a phenomenon which substantially reduces the flux 
through a membrane^. Common to every mass transfer process occurring across a 
semipermeable barrier, concentration polarisation is the accumulation of solute 
molecules on the upstream surface of the filtration membrane due to the 
transmembrane pressure. These molecules are smaller than the pore size of the 
membrane and would be expected to pass through the membrane. However, as the 
concentration of molecules increases on the membrane, the solute comes out of 
solution, forming a gel.
As the concentration polarisation gel is formed by the application of a transmembrane 
pressure, releasing the pressure removes the gef .^ This gel layer acts as a dynamic 
secondary membrane, which can offer a major resistance to flow"^ . Circulation of the 
stream past the surface of the membrane promotes diffusion of the gel layer back into 
the bulk stream. Once the steady state flux has been reached, the net flux of solute 
which is carried to the membrane surface is balanced by the back diffusion of solute. 
A schematic diagram of concentration polarisation is presented in Figure A.I. The 
relationship presented in Equation A.l has been developed for concentration 
polarisation'^. This shows that the final flux due to concentration polarisation is a
AA-1
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function of the bulk concentration (Cg, g 1'*), the gel layer concentration (Cg, g 1'), the 
diffusion coefficient (D, hr*') and the boundary layer thickness (Ô, m). The ratio
(D/Ô) can be equated to the mass transfer coefficient (K, m hr*'), which gives Equation 
A.2.
Q
yi=Xln(— ) A.2
Transmembrane pressure does not affect the flux beyond the point where concentration 
polarisation begins to act. Of the process parameters under consideration in this 
project, the concentration has a direct effect on the flux, while increasing Reynolds 
number will reduce ô, thus increasing the mass transfer coefficient, K.
A.2 Constant Pressure Blocking Laws
The constant pressure blocking laws are a group of four models, linked by the 
assumptions of constant transmembrane pressure and a dead end filtration process. The 
models are the complete blocking law, the intermediate blocking law, the standard 
blocking law and the cake formation law; each model describes a different type of 
fouling taking place on the membrane. Although these models were originally derived 
for dead end filtra tionm ore recent work has shown that they can be used to describe 
aspects of the crossflow filtration process^^’^ ’^*''’'^ '^ .
The complete blocking law assumes that particles, upon reaching the membrane 
surface, block a pore. This leads to the assumption that particles do not superimpose
AA-2
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on one another. Therefore, after a volume, V (m )^, has been filtered, a portion of the 
membrane area, aV, has been blocked, where o  (m ‘) is the blocked area of membrane 
per u nit volume of filtrate. Therefore, the area of unblocked membrane at time, t, is 
Aq - (j V, where A„ is the area of the clean membrane (m )^. Substituting this into 
Darcy’s law (Equation A.3),
Q = ^  A.3
where P is transmembrane pressure (N m' )^, jU is viscosity (N s m' )^ and Rg is the filter 
resistance (m '), and integrating with respect to time gives Equation A.4,
A.4
which is the analytical form of the complete blocking law. In this, Kb, the complete 
blocking law constant (s '), is equal to UgG, where Ug is the initial flux through the 
membrane (m s ').
The intermediate blocking law considers that when a particle reaches the membrane 
surface, it can either block a pore or it can superimpose on another particle. Therefore, 
the probability for a particle to block a pore must be evaluated. By a similar derivation 
as was used for the complete blocking law, this time considering increments of 
blocked area, and using Darcy’s law, Equation A.5 has been derived, which is the
Q= Ss.  A.5
analytical form of the intermediate blocking law. In this, Ki, the intermediate blocking
AA-3
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law constant is equal to a/Ag.
The cake formation law is derived by carrying out a mass balance on the cake layer 
that is assumed to have formed on the membrane surface. Using Darcy’s law 
(Equation A.3) as a basis, and considering the filter resistance, Rg, to be made up of 
the membrane resistance and the cake resistance, Equation A.6 can be derived in the 
same way as previously, which is the analytical form of the cake filtration law. In this,
Q= ----  A.6
Kc, the cake filtration law constant is given by Equation A.7.
  o cy s  ^  Y
In this, a  is the cake specific resistance (m kg '), y is the filtrate density (kg m^), s is 
the mass fraction of solids in the slurry (-), and m is the ratio of wet to dry cake (-).
The standard blocking law assumes that pore volume decreases proportionally to 
volume of filtrate due to macromolecular deposition on the pore walls. This effect 
results in multiple macromolecular layers on the pore wall. The membrane is assumed 
to consist of a set of pores of constant diameter and length. Therefore, the decrease 
of pore volume is equal to the decrease of pore section. This can be calculated by
<?=------------------------------------------------------ A.8(U1/2<Q„()"
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carrying out a mass balance on the solid particles and using Poiseuille’s equation to 
find the initial flow rate. Integrating this with respect to time, in the same way as the 
other models, gives Equation A.8, the analytical form of the standard blocking law. 
In this, K’s, the standard blocking law constant, is shown in Equation A.9, where C 
is the volume of solid particles retained per unit filtrate volume (-) and L is the 
membrane thickness (m).
a .9
L A q
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APPENDIX B
DETERMINATION OF THE CLEAN WATER FLUX
Experiments were conducted with filtered tap water to determine the clean water flux. 
The variation of the clean water flux with transmembrane pressure, Reynolds number 
and temperature is presented in Figure B.l. Figure B.la shows that the clean water 
flux through the membrane increased linearly with transmembrane pressure (Figure 
4.1). Therefore, the transport through the filter can be described by the Carmen - 
Kozeny equation and viscous drag is the limiting factor for the flow of clean water 
through the membrane. Figure B.lb shows that the clean water flux was independent 
of Reynolds number. It can be seen in Figure B.lc that there is a small increase in 
flux when the temperature increases from 20°C to 49®C. In these experiments, the 
temperature has been controlled to ± 0.5°C, so the effect of temperature is negligible.
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APPENDIX C
DEVELOPMENT OF DRYING TECHNIQUES FOR THE COUPONS
Following the coupon experiments, the coupons were taken for analysis by Scanning 
Electron Microscopy. To do this, the coupons needed to be dried, which was seen to 
cause problems with the fouling layer. This appendix details those problems, and their 
solutions.
C.l. - Particulate System
The coupon from the prolonged dead end filtration experiment was kept in water 
before being rapidly dried. Figure 4.13a shows the structure of the fouling layer from 
above. The smaller particles that can be seen with the Vinyl Acetate particles came 
from the water in which it was being held. To solve this, subsequent samples were 
dried immediately; Figure 4.14 shows that this eliminates these particles. Figure 4.13b 
shows that the fouling layer has been pulled away from the membrane; this is because 
drying of the sample was carried out too quickly. Following this experiment, the 
coupons were dried slowly in a desiccator immediately after the run had finished.
C.2. Macromolecular System
The initial prolonged experiment is presented in Figure 5.13a. This shows very little 
protein structure and holes of approximately 2|im in diameter can be seen in the 
fouling layer. Pictures of a second coupon is presented in Figures 5.13b and 5.13c. It 
can be seen that the protein fouling layer is made up of short protein strands which
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are randomly arranged on the membrane. The difference between the prolonged 
experiments in dead end mode was the method of drying. The first sample which 
shows the 2p,m holes in the fouling layer was dried much more rapidly than the other. 
The rapid removal of small water droplets from the membrane surface would cause 
the protein layer to collapse, resulting in holes in the fouling layer, and a disrupted 
protein structure.
C.3. Mixed System
Alcohol drying could not be used in the experiments with model fermentation broth 
as this would dissolve the Vinyl Acetate. However, as the protein would degrade with 
time, the coupon either needed to be held in a state where the protein would not 
degrade or be analysed as quickly as possible after the filtration process. Initially, a 
solution containing 4% formaldehyde and 10% glutaraldehyde was used to hold the 
coupons. However, the trace methanol contained in the formaldehyde solution made 
this unsuitable, and resulted in the particles being dissolved. Therefore, the coupons 
were dried in a desiccator and analysed within 24 and 48 hours after the end of the 
experiment. This allowed enough time for the samples to dry, while allowing minimal 
degradation of the protein.
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EXPERIMENTS TO DETERMINE THE EFFECT OF PROTEIN ADSORPTION
It has been proposed that the formation of the protein aggregates is initiated by the 
deposition of trace quantities of protein on the membrane^ as aggregates form more 
readily in the high concentrations at the membrane surface” "^, it is likely that 
adsorption is taking place, which may act as initiation sites for aggregation.
Two sets of experiments have been carried out to investigate the effect of adsorption 
of protein onto the membrane: a time profile of adsorption was obtained by fouling 
filter coupons; these were then examined using Scanning Electron Microscopy. A 
second experiment was carried out to quantify the rate of protein uptake by the 
membrane. Both sets of experiments were carried out in a static protein reservoir. It 
is likely that because of the increased concentration of protein at the membrane 
surface, the rate of adsorption will be greater in the real system than shown in the 
pictures taken for SEM analysis, which was carried out at 2 g F; however, these 
experiments should provide confirmation as to whether or not adsorption is happening. 
The experiment to quantify the rate of adsorption was carried out at a concentration 
of 200 g r \  which is a more realistic value for the concentration at the membrane 
once the transmembrane pressure is applied; the solubility concentration for BSA 
under these conditions is approximately 400 g 1’. However, the solubility concentration 
would not be reached at the membrane immediately.
The results from the visualisation experiments are presented in Figure D.l. After 5
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minutes (Figure D.l a),some membrane fouling can be seen. This fouling of the 
membrane surface increases with time, and there is a large amount of protein visible 
on the membrane after 120 minutes (Figure D.ld). However, the fouling that is seen 
in this case does not resemble that which is seen during the crossflow filtration 
experiments. There is more of a homogenous spread over the membrane rather than 
the distinct protein aggregates which have been seen during the crossflow filtration 
experiments.
An experiment was carried out to measure the rate of adsorption onto the membrane 
at a concentration of 200 g 1 \ The results from this experiment are presented in Figure
D.2; this clearly shows that the concentration in the protein reservoir decreases, and 
it can be deduced that this is due to the uptake of protein onto the filter membrane by 
adsorption. The reduction in concentration is linear with time over the 60 minute 
period considered. Therefore, the rate of adsorption is constant with time. Other 
workers have also shown that the rate of adsorption is initially constant with time^^. 
The final extent of adsorption is reached between 30 minutes and 3 hours^^’^®*^’^ '^^  
depending on the type of membrane used; however, in some cases steady-state was 
not reached after 20 hours*^’^ ®^’^ '^*. The steady state value was not reached after 60 
minutes in this experiment corroborates the experiment which were examined by 
Scanning Electron Microscopy. They showed that the amount of adsorption increased 
up to 2 hours, albeit at a lower concentration.
It has been reported that between three-quarters of a monolayer^^ of yeast alcohol
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dehydrogenase and a full monolayer‘s of BSA can be adsorbed onto the membrane 
surface. However, it has also been shown that a deposited layer of 55nm of BSA is 
formed on the pore wall, which means that not all of the fouling of the membrane 
surface can be due to adsorption* '^ .^ A study using bovine blood plasma^^ concluded 
that the adsorbed layer was several layers thick, but this layer could be disrupted. 
What is more likely in this case^  ^is that a monolayer has adsorbed to the membrane, 
with weaker interactions between the proteins forming the other layers; these layers 
can then be easily removed by pulsing. This corroborates the findings by Bowen and 
Gan‘^  ^with BSA.
The chemical make up of the membrane has been shown to be important in the extent 
and rate of adsorption taking place. Hydrophillic membranes are less susceptible to 
adsorption than hydrophobic m e m b r a n e s a n d  this finding has provided the basis 
for the modification of membranes to reduce fouling^^'‘^  ^‘^ .^ Other parameters which 
affect the extent of adsorption of protein to the membrane are pH^ 3,97,100,124,181^ ionic 
strength^^’‘^ ‘ and the flux through the membrane‘°°; the rate of adsorption is affected 
by the protein concentration^*^ and the flux through the membrane‘°°.
In conclusion, these experiments have shown that adsorption takes place onto the 
membrane surface. This has been shownlby ISEM analysis, and the rate of decrease of 
protein from a static reservoir of 200 g 1' has been measured. These results are 
corroborated by other workers who have also shown evidence of adsorption with 
BSA‘^ ’^  ^ and other m a c r om o le c u l e sw i t h  some of the BSA studies being carried
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out using ceramic membranes^ ’^^ ®®’^ '^*.
AD-4
Figure D.l
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Figure D.la - Adsorption Coupon after 5 minutes; view from above
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Figure D.lb - Adsorption Coupon after 20 minutes; view from above
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Figure D.l (cont.)
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Figure D.lc - Adsorption Coupon after 40 minutes; view from above
Membrane fouling
Figure D.ld - Adsorption Coupon after 2 hours; view from above
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APPENDIX E
EXPLANATION OF THE EXPERIMENTAL ERRORS
Each data point that has been plotted has an error associated with it. For the work 
presented in this dissertation, experimental errors can be divided into two types: 
reading errors and reproducibility errors. Reading errors are those associated with the 
taking of the experimental data. For the flux decline data, these were measured as 
being 5% of the flux; at smaller fluxes, the flow rate was measured over a longer time 
period, so the percentage error would remain the same. For the concentration 
measurements, the error has been taken to be 3% of the reading, which corresponds 
to the error from the spectrophotometer calibration curve (Figure 3.8). For figures 
which show the results from a single experiment, the error bars correspond to the 
reading errors.
When figures are used to compare different experiments, e.g., Figure 4.2, the effect 
of the process parameters on the initial rate of flux decline, reproducibility errors have 
been considered with the reading errors. The reproducibility errors were determined 
by conducting four experiments at the same conditions for each of the three systems, 
and taking the range from the average value for the initial rate of flux decline or the 
final flux. Therefore, for the initial rate of flux decline, the error on a value has been 
determined as 25%, whereas for the final flux, the error has been determined as 15%.
For figures which compare fitted parameters to the models under consideration, errors
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